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PEEFACE. 



The problems in this book are intended to quicken a 
beginner's apprehension of the elementary principles of 
physics and to furnish a convenient means of testing his 
attainments. The subjects chosen are those at once usually 
taught in secondary schools and capable of easy illustration 
by quantitative experiments in the ordinary laboratory. 

While Statics and Dynamics, under Mechanics, receive 
special attention, because of their fundamental character, 
in the broad subject of Electricity only a few of the more 
important laws and of the commonest methods of measure- 
ment are illustrated. Though Static Electricity and In- 
duced and Alternating Currents have not been attempted, 
some of the experiments involved in the other electrical 
problems included here are more elaborate than those in 
the earlier part of the book. 

The introductory sections review some portions of arith- 
metic which are needed in physical computations and 
which experience shows have to be presented in a new 
light before the average student can apply them with 
facility. Since explanations and statements of physical 
law take the shape of mathematical formulas wherever 
practicable, a good working knowledge of algebra and 
plane geometry is assumed. In general, algebraic methods 
are preferred to geometric, though not always. In the 
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iv PREFACE. 

chapter on Light, in particular, many drawings are called 
for, since the making of diagrams affords an interesting 
and exact method of examining the principles of optics. 
The student should be required to use compasses and ruler 
so carefully that his drawings will amount to demonstra- 
tions. A separate chapter is given to simple applications 
of the graphic method. 

Without encroaching in the least on the field of the 
text-book or the laboratory manual, to which this collec- 
tion is merely auxiliary, it has seemed best to prefix to 
certain of the problems an occasional formula, definition, 
or explanation. These are intended merely to suggest the 
character and range of the problems or to give some hint 
of the principles involved. The whole has been subjected 
to the test of the classroom. 

E. D. P. 

The Hotchkiss School, Lakeville, Conn., 
June 18, 1896. 
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PROBLEMS IN ELEMENTARY PHYSICS. 



CHAPTER I. 
METRIC SYSTEM. 

1. The Metric System is a system of weights and meas- 
ures based upon a decimal system of notation. Its use in 
physical science has now become almost universal. Its 
use in commerce is increasing slowly. 

The two following pages contain all that a beginner in 
Physics need know of the metric system. 

A few equivalents for changing quantities from one 
system to the other are also given. 

Units most important in the laboratory are given in 
small capitals. 

Measures of Length. 
10 MILLIMETERS (mm.) = 1 CENTIMETER (cm.) 

10 centimeters = 1 decimeter (dm.) 

10 decimeters = 1 meter (m.) 

10 meters = 1 decameter (Dm.) 

10 decameters = 1 hectometer (Hm.) 

10 hectometers = 1 kilometer (Km.) 

1 



2 PROBLEMS IN ELEMENTARY PMT8ICS. 

Measures of Surface. 

(The square surfaces from the mm., cm., and m. only are 
here given.) 

100 square millimeters = 1 sq. cm. 

10000 " CENTIMETERS = 1 SQ. M. 

Other multiples may be formed from preceding table. 

Measures of Volume. 
1000 cubic millimeters = 1 cu. cm. ' 

1000 " CENTIMETERS = 1 CU. DM. 

Measures of Weight. 

10 milligrams (mg.) = 1 centigram (eg.) 
10 centigrams = 1 decigram (dg.) 

10 decigrams = 1 gram (gm.) 

1000 gm. = 1 kilogram (kgm.) or kilo. 

2. Reduction of Metric to English Units. 

1 centimeter = .39 inches 

1 meter = 39.37 « 

1 « = 3.28 feet 

1 " = 1.09 yards 

1 kilometer = .62 miles, or 

1 = f (nearly) 

Note. — The equivalents for square and cubic measures are 
seldom needed. They may be obtained from those for linear 
measure. 

1 gram ■= 15.432 grains 

1 " = .035 ounces (avoir.) 

1 kilogram = 2.204 pounds " 

1 = 2| " (nearly) 
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Reduction of English to Metric Units. 
1 inch = 2.54 centimeters 

1 foot = 30.48 

1 yard = .91 meters 

1 mile = 1.60 kilometers 

1 grain = .065 grams 

1 ounce (avoir.) = 28.35 " 

1 pound " = .453 kilograms 

3. Useful Numbers.-* = 3.1416 = cir ° Pmfe J ence ; 

diameter 

, Area of circle = nR*; surface of sphere = 47tIF or 
nD\ 

Weight of 1 cu. cm. pure water at 4° C. = 1 gm. 

Weight of 1 cu. ft. pure water at 4° C. = 62.5 lbs. 
(nearly). 

Weight of 1 liter (1000 cu. cm.) air at 0° C. and 76 cm. 
mercury pressure = 1.293 gm. 

One mile = 5280 ft. 

One horse-power = 33000 —4 — -^. 

minute 

Length of seconds pendulum at New York = 99.317 cm. 
or 39.1 inches. 

Value of «g " at New York = 980 cm. or 32.16 ft. 

Standard Conditions for a gas are that the pressure 
equal that of a column of mercury 76 cm. in height and 
the temperature be 0° C. 

4. The Meter is one ten-millionth of the distance from 
the equator to either pole of the earth. Tbe measurements 
to determine this were made in 1799, and subsequent cal- 
culations have shown the standard meter to be a very 
small fraction smaller than this one ten-millionth. 

The fractional parts of a meter, gram, etc., are ex- 
pressed by the use of Latin prefixes. 



CHAPTER II. 
RATIO, PROPORTION AND VARIATION. 

5. Ratio. — The ratio of one quantity to another of the 
same kind is the fraction whose numerator is the first 
quantity and whose denominator is the second quantity. 

Thus the ratio of 3 to 8 is f, or in decimal form .375. 
It should be fully understood that the form .375 is as 
truly a ratio as the form § . The ratio of 20 to 10 is f $ or 
2. Here the 2 may be considered as the value of a ratio 
by remembering its history; it is the quotient of a process 
of division. The ratio of x % to x is x*, etc. The ratio may 
be expressed either by the common fraction or by the 
quotient obtained by dividing the numerator by the de- 
nominator. Thus, when we say " the ratio of 3 to 6 is i 
or .5," we mean that -J or .5 is the quotient obtained by 
dividing 3 by 6; when we say "the ratio of 100 to 25 is 4," 
we mean that the quotient of 100 divided by 25 is 4. 

Another definition of a ratio is this : " Katio is the rela- 
tive magnitude of one quantity compared with another of 
the same kind/' The exact significance of this last defini- 
tion will be seen from the illustrations farther on. 

II. RATIO. 

1. Express in two ways the ratio of 6 to 4. 

Note. — Do not use the form 6 : 4, as usually given in arith- 
metic, but always use the fractional form, common or decimal. 

2. Express the ratio of 4 to 6. 

3. Express the ratio of a to S. 

6 



RATIO. 7 

4. Can yon express the ratio of the side of a square to 
its area ? 

5. How may. you express the ratio of 3 inches to 1 
foot? 

6. Is the ratio of 6 feet to 18 feet correctly expressed 
thus "i ft."? Why? 

7. Is the ratio of 150 cm. to 100 cm. a number of centi- 
meters or not ? If not, what denomination has it ? 

8. Can you compare the ratio of 2 feet to 12 feet with 
the ratio of 3 quarts to 18 quarts ? If so, which is the 
larger ratio ? 

9. In general can any two ratios be compared, and how ? 

10. What must be true as to the denominations of the 
terms of any ratio ? 

11. Need the numerator be smaller than the denomi- 
nator ? 

12. A rectangle is 2 feet wide and 6 feet long. Express 
the ratio of the length to the width ? 

13. If 3 feet were added to each dimension of the rect- 
angle, would the ratio of the length to the width be the 
same as before ? 

14. If each dimension of the rectangle were four times 
as great as at first, would their ratio be the same ? 

15. Suppose a square constructed on the end of the 
rectangle of Prob. 12 and another square on the side. 
Would the areas of these squares have the same ratio as 
their sides ? 

16. State which of the four simple arithmetical processes 
may be performed on each term of a ratio without chang- 
ing its value. 

17. Express the yalue of the ratio -ty^- as a decimal. 
May the yalue of every ratio be expressed as a decimal ? 

18. Express in decimals the values of the ratios *££■ and 
f |^, and then express as a fraction the ratio of the first of 
these values to the second. 
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19. What is the ratio of the length one yard to the 
length one foot ? One cm. to one meter ? 

20. If - = T , does - = t-!—? Prove. 

y 4' y 4+2 

21. Which is the greater ratio, -fa or -fc ? 

22. In what two ways may the value of the ratio 



14 cm. 
be doubled ? 

23. In what two ways may the value of a fraction or a 
ratio be divided by three ? 

The ratio $ is said to be the inverse, or inverse ratio, of 

the ratio f : so T is the inverse of -, and of — — . 

o a x — S x -\- 6 

Notice also that the inverse ratio is the reciprocal of its 

direct ratio, e.g. - = —. 
a i 

24. Write the inverse ratios of the following ratios 

2 g-2 1 i 
3 ; ~a + b' i ; 2' 

25. Write the inverse of the ratio of the circumference 
of a circle to its diameter. 

26. The value of a certain ratio whose denominator is 7 
is multiplied by four by being inverted. What is the 
ratio ? 

27. What product is obtained by multiplying any ratio 
by its inverse ? 

28. Define inverse ratio; reciprocal. 

6. Proportion. — Very many facts and laws in Physics may 
be expressed most concisely by a Proportion. A clear un- 
derstanding of the meaning of a proportion is necessary for 
the student of physics. 

A proportion is the statement that two ratios are equal. 

This definition may be expressed also in these words, 
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though the meaning is essentially the same : A proportion is 
a statement that the first of four quantities bears the same 
relation as to magnitude to the second as the third bears 
to the fourth. Or yet again: A proportion is the mathe- 
matical statement that if two given processes of division 
are performed, equal quotients will be obtained. Some- 
times one of these three definitions is the most convenient, 
sometimes another. They are slightly different ways of 
regarding the same facts. 

III. PROPORTION. 

1. Write in mathematical form (fractional equation) 
the statement that 3 is to 7 as 9 is to 21. 

x 45 

2. Bead as a proportion the expression - = ^ and find 

x. 

3. The dimensions of a rectangle are 28 cm. and 7 cm. 
A second rectangle is 48 cm. long and the ratio of length 
to width is the same as in the first rectangle. Find width 
of second. 

4. The ratio of the weight of 1 cu. cm. of water 
to the weight of 1 cu. cm. of mercury is the same as the 
ratio of 100 to 1360. If 1 cu. cm. of water weighs 1 gm., 
find the weight of 1 cu. cm. of mercury. 

5. In a proportion how many of the four terms muse be 
given that the remaining may be found ? Which terms 
must be given ? 

7.1 x 

6. From the proportion ^—- = -—— find x. 

7. Solve by a proportion: If a car goes 4 miles in 35 
minutes, how far will it go in 3 hours ? 

8. Find a number which shall have the same ratio to 3 
that 27 has to 9. 

9. Find a number which has the same ratio to 15 that 
the speed of the hour-hand of a watch has to the speed of 
the minute-hand. 
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10. The ratio of the length of one line to that of a 
second line is the same as the ratio of a to b. If the first 
line is 18 cm. long, find length of the second line. 

11. A cubic foot of water weighs 62.5 lbs. The ratio of 
the weight of gold to the weight of water is about y. What 
would a cubic foot of gold weigh ? 

12. If r- = -7, prove that — — does not equal — ~— . 

13. If - = r, does *-= 4 ? ^ove. 

y 4 9y 36 

14. Divide 14 into two such parts that the quotient of 
the first divided by the second shall be to the quotient of 
the second divided by the first as 16 is to 9. 

27 C 

15. Find x from the proportion — 77- = -r. 

r r a/b d 

16. If ~ = — , does^r- = — ? Prove by a numerical 

* y ' V y J 

illustration. 

17. The area of one square is 196 sq. m., and of another 
square 225 sq. m. Is the ratio of the area of the first to 
the area of the second larger or smaller than the ratio of 
their sides ? 

18. Air is about TTJ Vinr as heavy as water. Wood is about 
i as heavy as water. How many times as heavy as air is 
wood? 

19. Bead the proportion |f = ff in as many ways as 
you can. 

7. Variation. — A special use is made of the principles of 
ratio and proportion to express the dependence of one set 
of quantities to another set. Thus, the area of a rectangle 
depends on the length of its sides. Doubling either di- 
mension doubles the area. This dependence of the area 
upon the dimensions is expressed in mathematical language 
by the statement; "The area of a rectangle varies with 
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its dimensions." Illustration: — A rectangle 8 ft. long 
and 3 ft. wide has an area of 24 sq. ft. If we double the 
length, we thereby double also the area. If the length is 
halved, the area is also halved. The term " varies" means 
not merely that the area changes as the dimensions change, 
but that the area changes in the same ratio. It means that 
the ratio between the lengths of any two rectangles having 
equal widths equals the ratio of their areas. In other 
words, a proportion may be written having its first ratio 
one of lengths and its second one of areas. 

The weight of a rod of given material and uniform 
diameter varies with the length. If 3 ft. of such a rod 
weighs 10 lbs., what will be the weight when the length is 
changed to 21 ft. ? Making use of a proportion, we write 

10 _ J_ 

x ~ 2V 

which may be read, " the first weight, 10, is to the second 
weight, x, as the first length, 3, is to the second length, 21," 
which is merely a particular illustration of the general law 
that the weight varies with the length. 

Note 1. — In stating a variation or proportion care should be 
taken that each ratio shall have a quantity of the same denom- 
ination in its denominator as in its numerator. In the example 

. A . , . 10 lbs. a; lbs. 

just given do not write f = • f •. 

Note 2. — A variation is merely a particular way of regarding 
proportion. The same rules govern both. 

8. Inverse Variation. — Sometimes one condition changes 
in the inverse ratio to another condition. The first is then 
said to vary inversely as the second. 

Illustration. — If a rod 10 m. long must be applied to a 
certain distance 8 times to measure it, a rod 20 m. long 
would have to be applied to the same line only 4 times 
and a rod 5 m. long would have to be applied 16 times. 
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Doubling the rod's length halves the number of times. 
Dividing the length of rod by 2 doubles the number of 
times. This relation is expressed by saying that the num- 
ber of times varies inversely as the length of rod. 

Illustration. — Does the number of days it will take a 
man to earn a certain sum vary directly or inversely with 
his wages per day ? with the amount to be earned ? 

Direct variation is expressed by the symbol ex. 
x oc y is read, "x varies as y" or "# is directly proportional 
to y" Then of course it is also true that y oc x. 

Inverse variation is expressed thus : x oc — , which is 

read either "x varies inversely as y" or"# is inversely 

proportional to y" It is then true that then y oc — . 

IV. VARIATION. 

1. Does the number of yards in a distance vary directly 
or inversely as the distance ? 

2. If you attempt to empty a tub of water by dipping 
out portions with a cup, does the number of dips required 
vary directly or inversely with the size of the cup ? 

3. Does the number of dips vary directly or inversely 
with the capacity of the tub ? 

4. If the amount a rod will bend varies inversely with 
the width, what will be the effect on the amount of bend- 
ing of making the rod three times as wide as at first ? of 
making it one fourth as wide ? 

5. If a? a -, and x equals 15 when y = 4, what is its 

value when y = 10 ? 

6. A man takes 2690 steps in walking a mile the first 
day. The second day he takes steps twice as long; how 
many steps does he take the second day ? 
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7. Does the number of steps vary directly or inversely 
with the length of each ? 

8. Express the ratio of the length of each step the first 
day to the length of each the second day. Also express 
the ratio of number of steps the second day to the number 
the first day. Are these two ratios equal ? 

9. In a rectangular tank does the amount of water vary 
directly or inversely with the depth ? 

10. Does the number of strips of carpet needed to cover 
a floor vary directly or inversely with the width of one 
strip ? 

11. If I add 5 feet to the side of a rectangle do I change 
the area of the rectangle in the same ratio that I have 
changed the side ? 

12. Show that in rectangles of equal areas the altitudes 
vary inversely as the bases. 

13. State as many instances of variation in mathematics 
or in every-day experiences as you can, and also whether 
each is direct or inverse variation. 

14. Is it true that the area of a square varies directly as 
the length of one side ? If not, make a statement that is 
true. 

15. If the area of a circle equals — — , does the area vary 

directly with the diameter ? 

16. Mention three conditions that vary the volume of a 
rectangular block. If the block is to be weighed, what four 
conditions vary the weight ? 

17. A force of 10 men can do a piece of work in 5 days 
working 8 hours a day. How many men will be needed to 
do the same work in 6 days of 10 hours each ? 

18. Bead the proportion of the preceding problem as a 
variation, noticing that the number of men varies with two 
other conditions. What conditions ? 

19. Mention a case of variation where one condition is 
determined by three other conditions. 
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MENSURATION. 

V. MENSURATION. 

1. Name all the precautions that yon know should be 
taken while weighing a body on delicate balances. 

2. A rectangular solid is 1 meter long, 15 cm. wide, and 

2 mm. thick. How many grams of water would it displace 
if lowered into a vessel of water ? 

3. If 156 sheets of paper make a pile 16 mm. thick, find 
the thickness of one sheet. 

4. One meter of a certain wire weighs 5.1 gm. What is 
the length of a piece weighing 1 kgm.? 

5. Find the weight of 1 mile of wire if a piece 1 yard long 
weighs 3 oz. 

Note. — The circumference of a circle is to its diameter as 
3.1416 is to 1. This ratio is represented by the Greek letter it and . 
equals 3.1416. 

6. Find the circumference of a circle whose diameter is 

3 inches. 

7. Of one whose diameter is 31 cm. 

8. What is the diameter of a rod whose circumference is 
15 cm.? 

irD a 

The abea of a circle = — ^— , where D = the diameter, or trE", 
where E = the radius. 

9. Find area of a circle whose diameter is 6 inches. 

10. Of one whose radius is 11 cm. 

14 
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11. If the volume of a cylinder = area of base mul- 
tiplied by the altitude, what is the capacity of a circular 
tank with perpendicular sides whose diameter is 6 feet and 
whose height is 2 feet ? 

12. Find volume of a wire .361 mm. in diameter and 3 
m. long. 

13. Find the diameter of a circle whose area is 25 sq. 
cm. 

14. How many times greater area has a circle whose di- 
ameter is 4 than one whose diameter is 2 ? 

15. What relation is there between the diameters and 
the areas of two circles ? Can you express the relation in a 
proportion ? 

16. An iron rod has a volume of 600 cu. cm; its cross- 
section area is 6. Find its length. If iron weighs 7.8 times 
as much as water, what will the rod weigh ? 

17. A rectangular block displaces 152.295 gm. of water. 
Its width is 7.1 cm., height 3.3 cm. Find its length. 

18. If 20 cu. cm. of iron weigh 156 gm., what is the 
ratio of the weight of iron to the weight of water? 

19. If you had a burette, a balance with weights, and a 
vessel containing an unknown amount of water, in what 
two ways could you find the number of cu. cm. of water ? 
Make a form of record for the experiment. 

20. How may you reduce errors in measuring a rectangu- 
lar block ? Which of the three dimensions should be 
measured most carefully ? 

21. In a glass vessel water stands at a certain mark. An 
irregular-shaped solid is lowered into it, and it is then 
found necessary to draw off 215 gm. of water to reduce the 
water to the same level as before. What is the volume of 
the solid ? 

22. What is the interior area of cross-section of a round 
tube if 3 cu. cm. of water fills 21 cm. of it ? What is its 
internal diameter ? 
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A steel wire whose diameter is .4 mm. breaks under a 

"T/certalnlTre is known to have a tenacity of 80 kgm. 
per sq. mm. cross-section area. If it weighs 7 kgm. per 1000 
meters, how long must a piece be to break nnder its own 

W 1 gl Soke the preceding problem for a wire whose diame- 

te V 8 Which' material has the higher tenacity, one which 
breaks under a force of 200 lbs. to the square inch, or 
one which breaks under a force of 60 kgm. to the square 

Ce TTL breaking strength of a rod 2 cm. square 
to 25 kgm., what will it be if the rod is made 3 cm. 

8q Tlf d is the diameter of a round rod and B its break- 
ing strength, find an expression for the breaking strength 
vt' wViPn the diameter is d . 
12 The tenacity of lead is 2.07 kgm. per sq. mm. cross- 
12 The *™T* to 40 k How i ar ge must 

ataTwT bet t£Z -ch asfcopper wire whose 

d T e E^cSr a ? solid is defined as that property by 
vileTwhiJh a solid tends to recover its shape and size 

^ a 55S m — * deformation of a 80lid may be 

mentioned : 

(a) Elongation. 

g^aS strength under transverse forces. 

(d) Torsion dependence of each 

The following formate > exp r force 

up on the various -^nsrf to* • ^^ p = 

applied, L = length, W - wi , 

diameter, then for a given material- 
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VLm 
Formula (a) Elongation a ^. 

Formula (b) Bending oc ==. 

(This is for the case of a rod with free ends supported 
on knife-edges.) 

When a rod is submitted to the action of a transverse 
force (i.e. force acting in a plane at right angles to the 
longest dimension of rod) sufficient to break it, the de- 
pendence of the breaking strength of the rod upon its 
dimensions is expressed by 

Formula (c) Breaking Strength a -=--. 

PL 
Formula (d) Angle of torsion a ^-. 

Note. — The student should understand the exact significance 
of these formulae and be able to read them as Physical Laws. 
They are of course obtained as the results of direct experiment. 

VII. ELASTICITY OF STRETCHING: ELONGATION. 

1. If a certain wire whose length is 4 m. stretches 3 mm. 
under a certain force, how much will it stretch under a 
force 15 times as great ? 

2. A force of 2 kgm. stretches a certain steel wire 2 
mm. It is found that a wire 1 m. long stretches .51 mm. 
under a pull of 1 kgm. Find length of first wire. 

3. A force of 1 lb. is found to produce a deformation of 2 
per cent of its original length in a certain wire whose length 
is 15 cm. and cross-section area .6 sq. mm. Find the per 
cent of deformation produced by the same force on a wire 
of the same material 75 cm. long and of cross-section area 
1 sq. mm. 



B. 


D. 


1.5 


.26 


2 


X 
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4. If a wire 12 ft. long stretches \ inch under a force 
of 4 lbs., how long is the wire of 3 times the cross-section 
area which stretches \ inch under a stress of 9 lbs.? 

5. The results of an experiment on the stretching of a 
No. 28 spring brass wire were as follows: 

2Hn kgm. X (cm.). Elongation (mm.). 

Case 1 4 400 16 

Case II 5 150 x 

Find the value of x. 

6. Another experiment gave: 

F. L. 

Case 1 2 40 

Case II 3 30 

Find the value of x. 

7. A solid is found to be elongated 14 mm. by a force 
of 4 kgm. By making a certain change in the length of 
the specimen treated it was found that the elongation for 
the same force rose to 21 mm. Find the ratio of the length 
in the first case to that in the second, and find also what 
change in the diameter would have produced the same 
effect on the elongation. 

8. An iron and a brass wire have each the length 15 cm. 
when each is stretched by a force of 1 kgm. The length 
of the iron wire becomes 15.4 cm. under a stress of 3 kgm., 
and that of the brass wire becomes 15.6 cm. under a stress 
of 7 kgm. Compare the elasticity of iron with that of 
brass. 

Note. — Young's Modulus of Elasticity is the weight in kilo- 
grams which applied to a bar 1 mm. square would double its 
length if the material were perfectly elastic. 

The moduli (in round numbers) of several materials are here 
given in kgm. per sq. mm. : 
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Wrought iron 19,000 

Cast iron 13,000 

Steel 21,000 

Copper 12,000 

Brass 8,500 

Glass (plate) 7,000 

9. Which is the more elastic, copper or brass ? Express 
the ratio. 

10. What force is needed to double the length of a steel 
rod whose diameter is 2 mm., assuming perfect elasticity? 

11. If a force of 2000 kgm. produces an elongation of 
2 mm. in a specimen of brass, what force will produce a 
similar change of length in a cast-iron specimen of the 
same dimensions ? Assume perfect elasticity in both. 

VIII. ELASTICITY OF BENDING: FLEXURE. 

1. If a rod whose width is 2 cm. bends 1 cm. under a 
force of 1 kgm., how much will a rod twice as wide bend 
under a force of 7 kgm. ? 

2. If a rod 100 cm. long, 2 cm. broad, and 3 cm. thick 
is deflected 0.5 cm. when placed horizontal and loaded at 
the middle with a certain weight, what would be the de- 
flection, under the same load, of a rod 50 cm. long, 2 cm. 
broad, and 1 cm. thick? (Harvard Entrance Examination.) 

3. A certain beam 4 ft. long, placed horizontal and 
supported at the ends, is bent downward 0.5 inch by a 
load placed at the middle. How far would it be bent by 
the same load if it were 8 ft. long ? (Harvard Entrance 
Examination.) 

4. If a certain beam 16 ft. long, 4 in. wide, and 6 in. 
thick is bent 1 in. by a load of 500 lbs. placed at its mid- 
dle, how much would a beam 10 ft. long, 8 in. wide, and 
12 in. thick be bent by the same load ? (Harvard Exam.) 

5. A certain bar is 100 cm. long, 2 cm. wide, and 2 cm. 
thick. 
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(a) Find width of a bar of the same material and the 
same length which is 3 cm. thick, but will bend exactly as 
much under a given force as the first bar. 

(b) If another bar is made f as long, find how thick it 
must be to bend like the first. 

(c) If the first bar is made twice as long and its width 3 
times as great, find the new thickness to retain the original 
flexure. 

(d) Find the new force required to produce the same 
flexure when the width is 4, the length 200, and the thick- 
ness 1. 

6. Compare the elasticity of the first of two materials 
with the second from the following data: First, a force of 
2 kgm. bends a rod 70 cm. long, 2 cm. wide, and .5 cm. 
thick, 1.5 cm. Second, a force of 15 kgm. bends a rod 80 
cm. long, 1 cm. wide, and 3 cm. thick, 2 cm. 

7. Which will increase the stiffness of a rod most, to 
multiply the width by 6 and the length by 2, or to multi- 
ply the thickness by 8 and divide the width by 12 ? 

8. A man wishes to make a uniform rectangular beam 30 
ft. long out of 1800 lbs. of iron and have it as stiff as possible. 
Which is the better arrangement, to make the width 10 and 
the thickness 2, or to make the width 1 and the thickness 4? 

IX. BREAKING STRENGTH. 

Transverse Forces. 

1. A rod has its thickness changed from 3 to 5. Ex- 
press the ratio of the increase of stiffness to the increase of 
strength resulting. 

2. If a beam 10 ft. long and 2 in. square breaks under a 
weight of 2000 lbs. at the middle, find the force required to 
break a similar beam 15 ft. long, 2.5 in. wide, and 1 in. thick. 

3. How much thicker must a beam be made to retain its 
strength when its width is divided by 3? 
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4. Which produces the greater change in strength of a 
beam : first, doubling its width, halving its thickness, and 
dividing its length by 3; or, second, halving its width, 
multiplying its thickness by 1.5, and dividing its length 
by 4? 

X. ELASTICITY OF TORSION. 

1. A wire of diameter .2 mm. is twisted through an 
angle of 10° by a force of value 3. Through what angle 
will a wire of the same material be twisted by a force 5 if 
its diameter is .3 mm. ? 

2. A piece of shafting 6 ft. long and 2 in. diameter is 
twisted through an angle of 50' by a certain force. How 
much larger must the shaft be made that the torsion may 
be reduced to 30' ? 

3. It is desired to make the shaft of Prob. 37 three times 
as long and of twice as large diameter as in the first in- 
stance. Find the angle of torsion resulting. 

4. If a wooden rod of diameter .3 in. and length 30 in. 
is twisted 20° by a force of 8 lbs., find a force needed to 
deflect a rod of similar material through an angle of 15° 
if it is 40 in. long and .4 in. in diameter. 

5. Which is the more elastic, a wire of diameter .4 in. 
and length 30 cm. which is twisted 7° by a certain force, 
or one which has a diameter of .3 and length 20 cm. and 
is bent 8° by the same force ? 

Note. — Observe that elasticity varies inversely as the amount 
of strain produced by a given force. 

6. If a wire whose length is I and diameter d is bent 
through an angle a by a force /, express in terms of these 
letters the value of the force which will give three times 
the angle of torsion with a wire whose length and diameter 
are twice those of the first. 



CHAPTER V. 
MECHANICS OP FLUIDS. 

Definitions. — Fluid; liquid; gas; pressure at a point. 

Note. — 1 cu. cm. of water weighs 1 gram. 

1 cu. ft. " " " 62.5 lbs. (nearly). 

In the following problems the pressure due to the atmosphere 
is not to be considered. 

XI. PRESSURE IN LIQUIDS. 

1. What is the total pressure on the bottom of a vessel 
one meter square when it is filled with water to the depth 
of one centimeter ? 

2. What is the total pressure on the bottom of a vessel 
10 cm. square and 10 cm. deep when filled with water ? 

3. In each of the two preceding questions what is the 
pressure per square centimeter ? 

4. A vertical tube has an area in cross-section of 1 sq. 
cm. It is filled with water to a depth of two meters. 
What is the total pressure of the water at the bottom ? 

5. What is the total pressure at a point 1 m. from the 
bottom ? at a point 150 cm. from the bottom ? 

6. What is the average pressure throughout the length 
of the tube ? 

7. Suppose the tube to have a cross-section area of 4 sq. 
cm. How would this affect the total pressure at the bot- 
tom, and would it cause the pressure per sq. cm. to be 
greater or less than before ? 

8. State a general rule for calculating the total pressure 

24 
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on a horizontal surface covered with water when its dimen- 
sions and the depth of the water are given in the metric 
system. 

9. How must this rule be given if the English units of 
length and weight are used ? 

10. How must the rule be given if the liquid used is 
heavier or lighter than water ? 

11. A rectangular tank filled with water and having a 
closed top is 80 cm. by 40 cm. on the bottom, and 30 cm. 
high ; what is the total pressure on the lowest surface when 
it stands on the bottom ? 

12. What is the pressure per sq. cm. over this surface ? 

13. What is total pressure on the lowest surface and 
pressure per sq. cm. when it stands on a side ? 

14. What when it stands on an end ? 

15. State a rule for finding pressure per unit area at any 
depth and in any liquid. Does this rule depend on the 
direction in which the pressure is considered as acting ? 

16. What is the pressure on a sq. cm. of area at a depth 
of one kilometer of water ? Of alcohol which is £ as 
heavy as water ? 

17. A cubical box 2 ft. on an edge is sunk in water till its 
top is 10 ft. from the surface. If this top is horizontal, find 
total pressure on the top, on the bottom, and on each side. 

18. To what depth must a horizontal surface be im- 
mersed in water in order that the pressure may be 500 lbs. 
per square foot ? 

19. The reservoir of a city water-supply is 28.8 feet 
higher than the outlet in a certain house. What will be 
the pressure at the mouth of a faucet of one square inch 
cross-section ? 

20. A dam is 80 ft. long and holds back a pond 15 ft. 
deep and 800 ft. long. Find total pressure in pounds on 
the face of the dam. 

21. How would the pressure on the dam be affected if 
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the pond above the dam were 2000 ft. long and of same 
depth ? 

22. The volume of a cylinder = area of base by the 
height. Find the total pressure on inner surface of a 
cylinder of diameter 10 cm. and height 20 cm. filled with 
water and standing on end. 

23. A box used as a foundation for a bridge pier is 30 ft. 
long, 20 ft. wide, and 12 ft. deep. It is sunk in water till 
the top is 30 ft. from the surface. Find the total press- 
ure on the sides and ends. 

24. A cubical block each edge of which is 15 cm. is sunk 
in water till the horizontal top is 10 cm. below the surface. 
Find the difference in the pressures on the top and bottom. 

25. If the top is sunk to a depth of 40 cm., what will be 
the difference in these pressures ? 

26. A cylindrical bottle with internal diameter of 8 cm. 
contains a liquid two and a half times as heavy as water. 
The total pressure on the bottom of the bottle due to the 
liquid is 125.6 gm.; find depth of the liquid. 

27. A box (Fig. 1) is 60 cm. long, 40 cm. wide, and 15 cm. 
high. The tube connecting with 
the interior is 2 cm. square and 20 
cm. high from the top of the box. 
The whole is filled with water. 

(a) What is the pressure per sq. 
cm. at the top of the tube and at 
Fig. i. the bottom of the tube ? 

(b) What is pressure on a sq. cm. on the bottom of the 
box directly under the tube? 

(c) On a sq. cm. -of the bottom of the box not under the 
tube ? 

(d) Find total pressure on each side and each end of the 
box and on each side of the tube. 

(e) Find the total pressure on the bottom and on the top 
of the box. 
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(/) What weight of water does the whole apparatus 
contain ? 

(g) How does this weight compare with the total pressure 
on the bottom of the box ? 

(h) How do you explain the fact that these two quanti- 
ties are not equal ? 

(t) Disregarding the weight of box and tube, how much 
would the apparatus press down on a scale-pan of a balance 
if placed on it ? 

28. In the apparatus of Prob. 27, what is the pressure 
per sq. cm* at a point 10 cm. from the bottom of the box ? 

29. Suppose the tube in Prob. 27 to be twice as large in 
area but of the same height. How would this affect the 
total pressure on the bottom of the box ? 

30. Mercury is 13.6 times as heavy as water. Find the 
pressure upon the bottom of an iron box 4 by 3 by 2 cm. 
filled with mercury. What are the pressures per sq. cm. 
on the bottom and at a point on the side half way down ? 

31. Sea-water is 1.026 times as heavy as pure water. 
Find pressure at depth of one kilometer in the ocean. 

32. How high must a water-tower be in order to deliver 
water at the bottom under 
a pressure of 30 lbs. to the 
square inch ? 

33. Show that the total 
pressure on the five surfaces 
of a cube filled with a liquid 
equals three times the weight 
of the liquid. 

34. A spherical metal ball 
(Fig. 2) has a piston acting 
in a tube inserted in the side. 
Other pistons are free to 
move in tubes extending upwards and downwards from 
the top and bottom of the sphere respectively. The 
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sphere is filled with water and a pressure of 2 kgm. per 
sq. cm. is exerted on the side piston. If the top piston is 
twice as large as the side piston, what will be the ratio 
of the force necessary to hold it to the total pressure ex- 
erted on the side piston ? (In these questions the weight 
of the water in the sphere may be disregarded.) 

35. What will be the total pressure on the bottom pis- 
ton if it is circular and of diameter of 2 cm. ? 

36. What will be the pressure per sq. cm. on each of the 
pistons ? 

37. How much force must be applied to the top piston 
to hold it if its area is 4 sq. cm. ? 

38. A pressure-gauge applied to a water-pipe at a certain 
point in a building shows a pressure of 70 lbs. to the square 
inch. How high is the reservoir above that point ? 

PRESSURE OF GASES. 
XII. BAROMETERS. 

1. State the laws for pressure in gases and point out 
how they differ from the laws for pressure in liquids and 
why. 

2. State all the conditions which may change the height 
of a barometer column from time to time and in different 
places. 

3. If mercury is 13.6 times as heavy as water, what will 
be the length of the column of a water-barometer when a 
mercury-barometer stands at 29 in. ? 

4. If " one atmosphere " is a pressure equal to 76 cm. of 
mercury, find what this standard pressure is in inches of 
mercury. 

5. Find the pressure of one atmosphere in grams per sq. 
cm. from the fact that it equals the pressure of 76 cm. of 
mercury. (Mercury is 13.6 times as heavy as water.) 

6. Find the pressure of one atmosphere in pounds per 
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sq. in. from the fact that it equals the pressure of 29.92 in. 
of mercury. (One cubic inch of water weighs .036 lb.) 

7. How long would the barometer-column be if made of 

1 27 
a liquid whose weight is ^—^ as much as mercury when a 

mercury -barometer stands at 75 cm. ? 

8. If " one atmosphere " is a pressure of 15 lbs. to the 
sq. inch, find the total pressure in pounds upon a man the 
surface of whose body is 14 sq. ft. 

9. Find the pressure due to the atmosphere on one 
square meter when the barometer stands at 76 cm. (One 
atmosphere equals a pressure of 1033 gm. persq. cm.) 

10. Find the pressure of the atmosphere on 10 sq. cm. 
when the barometer stands at 74 cm. 

11. When the barometer is at 77 cm. 

12. If in ascending a mountain the barometer falls from 
76 to 50 cm., find the decrease in pressure on an area of 20 
sq. cm. 

13. A mercury-barometer is sunk in water to a depth of 
20 cm. at a time when it reads 75 cm. in air. What will it 
read at this depth in water ? 

14. A barometer is used to measure the exhaustion in 
the receiver of an air-pump. What fraction of the air 
has been withdrawn when the pressure has fallen from 76 
to 30 cm. ? 

15. How many pounds change in the atmospheric press- 
ure on a square inch is indicated by a fall of one inch in 
the height of the barometric column ? 

Note. — For small changes of elevation a fall of T V inch of the 
barometer corresponds to an elevation of 87 feet. For considerable 
heights this statement does not hold true and more complicated 
calculations are necessary. 

16. At the top of a tower the barometer stands at 29.11 
inches, while at the bottom it stands at 30.25 inches. What 
is the height of the tower ? 
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17. An aeronaut finds that his barometer has fallen from 
30 inches to 28 inches since he left the earth's surface. To 
what height has he risen ? 

18. At what point will a barometer stand at the top of 
a tower 440 ft. high when it stands at 29.8 in. at its base ? 

19. Bunker Hill monument is 221 ft. high. What will 
be the difference in barometric readings at top and bottom? 

Note.— The barometric readings at various heights are as fol- 
lows : At three and one-half miles, 15 in.; at ten miles, 3.75 in. ; 
at fifteen miles, 1 in. 

"As a rough rule, it may be stated that, inordinary circum- 
stances, the barometer falls an inch in ascending 900 feet." 

10. Boyle's Law. — This law expressed in symbols is 

V _P' 
V'~~P 

where V and V 9 are volumes of a gas corresponding to the 
pressures P and P\ The student should be able to read 
this equation as a law, using words rather than symbols, and 
should also show how any one of the four quantities may 
be found when the other three are given. Notice also that 

VP = VP'. This may be stated thus: In the case of 
any body of gas under varying pressure the product ob- 
tained by multiplying the number representing the volume 
by the number representing the corresponding pressure is 
a constant quantity. 

XIII. BOYLE'S LAW. 

1. If under a pressure 70 the volume of a body of gas 
is 100, what will be the volume under a pressure of 90 ? 

2. The volume of a certain body of gas under pressure 
of two atmospheres is a; what will be the volume when the 
pressure is reduced to one atmosphere ? 

3. To what volume will 30 cu. cm. of air be reduced by 
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increasing its pressure from 14 kgm. per sq. cm. to 20 
kgm. per sq. cm. ? 

4. How must the pressure on a body of gas be changed 
if its volume is to become three times as great ? 

5. At what pressure will one liter of air (at standard 
pressure) occupy 990 cu. cm.? 

6. Express the ratio of the weight of 1 cu. m. of air on 
a day when the barometer reads 74 cm. to the weight of an 
equal volume when the barometer reads 77 cm. 

Note. — The weight of the air in a given volume varies 
directly as the pressure. 

7. A bottle is found to contain 2 gm. of air when the 
barometer stands at 75 cm. What weight will it contain 
when the barometer is at 73 cm. 

8. One liter of dry air at 76 cm. pressure and 0° weighs 
1.29 gm. How many gm. of air are there in a room 10 by 
8 by 3 meters when the pressure is 74 cm.? 

9. A Boyle's Law tube (Fig. 3) has air in the 
closed end AB filling 25 cm. when BO = 5 
cm. and DC = 6.8 cm. and barometer 75 cm. 
What will be the length of the air-column when 
BC= 8.67 cm. and DO= 23.67 cm.? 

10. If AB = 30 cm. when the mercury is at the 
same height in both arms of the tube and the 
barometer stands at 75 cm., what will be 
the length of the air-column when D is 25 cm. 
higher than the top of the mercury in the short 
arm ? Fl °- 8 - 

11. Let AB represent the length of air-column ; DE = 

excess of mercury in long arm. Bar. = barometer reading 

in cm. Find the missing quantity in the following records 

of an experiment : 

AB. 

Case I x 

Case II 25 cm. 



DE. 


Bar. 


cm. 


75 cm. 


5 cm. 


74 cm. 
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AB. BE. 

12. Case I 20 x 

Case II 15 50 

13. Case 1 18 26 

Case II 12 74 



Bar. 
76 
76 

x 
76 




Fig. 4. 



14. The jar AB (Fig. 4) contains mercury. The smaller 
C m°> tube is plunged into the mercury while the stop- 
cock at is open. The stop-cock is then closed 
and the tube raised as shown in the figure. The 
record of the experiment is then found to be as 
follows: AB =6 cm.; BO = 30 cm.; barometer 
75 cm. The tube is then raised till AB = 8 cm. 
The barometer being still 75 cm., find second 
length of air-column AB in this last position of 
the tube. 

15. If AB in the preceding problem = 10 cm. 
and BC =2,0 cm. with the barometer at 76 cm., 
how far must the tube be lifted in order to make 
the air-column BO = 22 cm. ? 

16. A solid, close-fitting piston is situated in the middle 
of a closed cylinder 10 inches long, and there are equal 
quantities of air on each side of it. The piston is pushed 
until it is within an inch of one of the ends ; compare the 
pressures on each side. (Jones.) 

17. A tube of uniform cross-section, 200 cm. long, closed 
at one end, is plunged, with the open end downward, into a 
mercury-well, and is pushed down until the air within it, 
which originally filled the whole tube, is reduced to one 
half its first volume. The barometer at the time reads 76 
cm. How far below the surface of the mercury in the 
well is the surface of the mercury in the tube ? How far 
is the closed end of the tube above the general surface of 
the mercury in the well ? (Harvard Examination.) 
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HYDROSTATICS. 

Definitions. — Density ; principle of Archimedes ; specific grav- 
ity ; buoyancy. 

Note I. — 1 cu. cm. of water weighs 1 gram. 

1 cu. ft. " " " 62.5 pounds. 

1 cu. cm. of air " .00129 grams. 

1 cu. ft. " " " 1.25 oz., or nearly .08 lbs. 

Note II. — In the following problems frequent use is made of 
the expressions " weight in water," "loss of weight in water,'' 
" weight in air," and 4 * loss of weight in air." The student should 
clearly understand that there is no actual loss of weight (i.e. pull 
due to gravity), and that " apparent weight" and " apparent loss" 
would be more exact expressions. If the distinction is once 
clearly made, no misapprehension need result from the use of the 
shorter and more convenient terms. 

XIV. BUOYANT FORCE IN LIQUIDS. 

1. A vessel just filled with water loses 70 gm. of water 
when a certain solid is immersed in it. If the solid 
weighed 190 gm. in air, how much did it weigh in the 
water ? . What was its volume ? 

2. A certain irregular-shaped solid is found to weigh 
23.5 gm. less in water than in air. What is its volume ? 

3. A man weighing 150 lbs. in air finds that he displaces 
2.5 cu. ft. of water. What will be his weight in water ? 

4. How much weight will a cubic foot of stone lose 
when immersed in water ? How much will a cubic foot of 
pine wood lose ? 

5. State the ratio of the volumes of two solids from the 
fact that when immersed in water one loses 25 lbs. weight 
and the other 35 lbs. 

6. A rod 1 cm. square is plunged into water to a depth 
of 10 cm. If the rod weighs 6 gm., how much additional 
force will he required to hold it in position ? 
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system, what is its specific gravity ? what in the English 
system ? 

5. What is the density of a substance 15 cu. cm. of which 
weighs 30 gm. ? 

6. What is the density of a substance if 40 cu. ft. of it 
weigh one ton ? 

7. Find the density of air from the fact that 13 cu. ft. of 
it weigh one pound. 

8. It is found that a liter measure holds 2.5 kgm. of a 
certain powder. Find the density of the powder. 

10. A rectangular block measures 12 by 16 by 10 inches 
and weighs 20 lbs. Find the density of its material. 

11. A wooden post 6 inches square and 10 feet long 
weighs 125 lbs. ; find its density. 

12. What is the weight of 10 liters of a substance whose 
density is 2 gm. ? 

13. What is the weight of 3 cu. ft. of a liquid whose 
density is twice that of water ? 

14. A standard gallon in the United States contains 231 
cu. in. ; how many pounds of water does it hold ? 

15. If a gallon equals 231 cu. in., what is the density of 
a liquid a gallon of which weighs 20.84 lbs. ? 

16. Find the density of air from the fact that a room 8 
by 10 by 26 ft. contains 166 lbs. of air. 

17. A certain volume of mercury of density 13.6 weighs 
163.2 gm. The same volume of another liquid weighs 9.6 
gm. Find the density of this liquid. 

18. The same volumes of water and another liquid weigh 
1.8 kgm. and 2.34 kgm. respectively. Find the density of 
the liquid. 

19. Equal volumes of water and zinc weigh 25 lbs. and 
175 lbs. respectively. Find the density of zinc. 

20. Which is the more dense, a substance one cubic 
meter of which weighs 750 kgm., or a substance one liter 
of which weighs 7 kgm. ? 



MECHANICS OF FLUIDS. 37 

SPECIFIC GRAVITY OF A SOLID * 
XVI. SOLIDS HEAVIER THAN WATER. 

1. A block weighs 50 gm. in air and 40 gm. in water; 
what is its specific gravity ? 

2. A certain solid whose weight in air is one kilogram is 
found to weigh 8 gm. less in water. Find the specific 
gravity of its material. 

3. A certain material is found to be only one third as 
heavy in water as in air. What is its specific gravity ? 

4. A cubic decimeter of gold would weigh 19360 
gm. What is the specific gravity of gold ? 

5. The specific gravity of a certain metal is 8.38. The 
weight of a certain volume of the metal is 335.2 gm. Find 
the weight of an equal volume of water. 

6. A piece of stone weighing 33.96 gm. is placed in a 
vessel filled with water. The overflowing water weighs 
12 gm. Find the specific gravity of the stone. 

7. A certain block of specific gravity 11.35 weighs 124.85 
gm. in air. What would be its loss of weight in water ? 

8. Find the specific gravity of a substance from the fact 
that 12 cu. cm. of it weighs the same as 72 cu. cm. of water. 

9. The specific gravity of iron is 7.78. What will be the 
weight of a bar of iron 5 by 8 by 3 cm. ? 

10. State Archimedes* principle, and show clearly what 
use is made of it in determining the specific gravity of a 
solid heavier than water. 

11. If a body weighs 30 gm. in air and 24 gm. in water* 
what is its volume ? 



* In the problems on Specific Gravity most of the questions are 
in the metric system. A few problems in English units are placed 
at the end of each section. 
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12. If a body has a weight of 150 gm. and a volume of 
20 en. cm., what portion of its weight will it lose in water 
and what is its specific gravity ? 

13. State what facts must be ascertained about a solid 
body heavier than water in order that its specific gravity 
may be calculated, and state how each of these may be 
found. 

14. What must be the weight of a solid of 40 cu. cm. in 
order that its specific gravity may be the same as that of 
water ? in order that its specific gravity may be three times 
that of water ? 

15. It is found that a force of .75 kgm. is required to 
support in the water a man whose weight in air is 80 kgm. 
Find the specific gravity of his body. 

16. A cube of iron 10 cm. on each edge (specific gravity 
7.78) is suspended from one arm of a balance so that one 
half its volume is under water. What weight must be 
placed on the other side of the balance to support it ? 

17. A wooden post (specific gravity .65) stands on end 
in water, so that one third of its volume is under water. 
If the weight of the whole post is 300 kgm., what is the 
downward pressure on the base of the post ? 

18. 20 cu. cm. of shot are placed in one pan of a balance 
and counterpoised by 227 cu. cm. of water placed in the 
other pan. Find specific gravity of lead. 

19. A glass bottle provided with a stopper of the same 
material weighs 120 grams when empty. When it is im- 
mersed in water its apparent weight is 10 grams, but when 
the stopper is loosened and the water let in its apparent 
weight is 80 grams. Find the specific gravity of the glass 
and the capacity of the bottle. (Deschanel.) 

20. What is the specific gravity of a substance one cubic 
foot of which weighs 187.5 lbs. ? 

21. A certain solid weighs 190 lbs. in air and 80 lbs. in 
water. Find its specific gravity. 
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22. Find the weight of a bar of brass 4 inches square and 
20 feet long. (Specific gravity of brass 8.4.) 

23. Three cubic feet of a certain solid weighs 281.25 lbs. 
Find its specific gravity. 

XVII. SOLIDS LIGHTER THAN WATER. 

1. A block of wood weighing in. air 100 gm. weighs 
with a sinker in water only 8 gin. The sinker alone in 
water weighs 120 gm. Find specific gravity of the block. 

2. How much force will be required to sink just even 
with the water a cube 10 cm. sq. which when left to itself 
floats with one third of its volume out of water ? 

3. Find the specific gravity of the solid from the follow- 
ing data: Weight in air 500 gm. ; weight of sinker in 
water 600 gm. ; weight of sinker and block in water 50 gm. 

4. What two forces must be exactly equal in order that 
a solid may float just even with the water ? 

5. What two forces are equal in the case of any floating 
body? 

6. The specific gravity of a certain substance is .8 ; how 
heavy a sinker is required just to sink a block of it meas- 
uring 15 by 5 by 3 cm. ? 

7. A piece of cork weighs 100 gm., and its Sp. Gr. is .24. 
What is the least force that will just immerse it in water ? 

8. A block of iron (Sp. Gr. 7.78) weighs in air 38.9 gm. 
Show whether it will hold under water a block of wood 
(Sp. Gr. .55) 3 by 4 by 7 cm.? 

9. How much would a cube 4 cm. on each edge weigh 
in water if half of it was of brass (Sp. Gr. 8.4) and half of 
pine (Sp. Gr. .65) ? 

10. A boat is decked over water-tight and is found to 
displace 25 kgm. of water when floating empty, A force 
of 150 kgm. is just sufficient to hold it under water. Find 
weight of boat and its specific gravity. 
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11. A cube of iron each edge of which is 10 cm. long, 
floats upright in mercury. The density of the iron is 7.5, 
that of the mercury 13.5. How high does the top of the 
cube float aboye the surface of the mercury ? (Harvard 
Entrance Examination.) 

12. A sinker weighs in air 70 gm. and its Sp. Gr. is 11.35. 
A solid whose Sp. Gr. is to be determined weighs in air 10 
gm. and with the sinker weighs in water 60 gm. Find 
specific gravity of the solid. 

13. A uniform round rod of wood floats upright in water 
with | of its length above the surface. Find its specific 
gravity. 

14. A cylinder floats in water with one third its volume 
below the surface. Find specific gravity. 

15. A regular prism weighing 640 gm. is composed of 
material whose Sp. Gr. is .8. What part of the length of 
the prism will be above the surface if it is floated upright 
in water ? 

16. Show how the comparison of the thickness of the im- 
mersed portion with the thickness of the whole of a rect- 
angular block floating in water is really a comparison of 
the density of the block with that of water. 

17. If a rod floating upright in water has one third of 
its length above the surface, how much of its length would 
it have above the surface when floating in a liquid twice as 
heavy as water ? 

18. The specific gravity of ice is .9. What is the total 
height of a prism of ice which floats with its top 20 cm. above 
the surface of water ? 

19. A block of metal 10 cm. thick, Sp. Gr. 8., floats on 
mercury. How much of its volume is above the surface ? 
(Sp. Gr. of mercury 13.6.) 

20. How many cm. of water must be poured upon the 
mercury (in the last problem) so that the top of the block 
may be just level with the top of the water? 
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21. A cork of Sp. Gr. .25, the volume of which is 10 cu. 
cm., floats upon mercury of Sp. Gr. 13.6. How great is the 
volume of the submerged part of the cork ? (Harvard Ex- 
amination.) 

XVIII. SPECIFIC GRAVITY OF LIQUIDS. 

1. A certain bottle was found to hold 100 gm. of water 
or 80 gm. of another liquid. Find Sp. Gr. of the liquid. 

2. How many grams of alcohol (Sp. Gr. .8) can be con- 
tained in a 50 cu. cm. bottle ? 

3. A certain vessel weighing 60 gm. was filled to a cer- 
tain mark with water and then weighed 105 gm. When 
filled with kerosene to the same mark it weighed 91.5 gm. 
What is Sp. Gr. of kerosene ? 

4. A liter of sea-water weighs 1026 gm. What is its 
Sp. Gr.? 

5. A graduated flask must be filled to the 92 cu. cm. 
mark with water to weigh with the water 110 gm. and to 
the 50 cu. cm. mark with sulphuric acid to weigh the 
same. Find Sp. Gr. of the acid. 

6. A 200 cu. cm. flask was $ filled with water and the 
remaining space with bits of iron. The weight, without 
weight of flask, was found to be 472 gm. Find Sp. Gr. 
of the iron. 

7. It is found that a certain flask will contain 250 gm. 
of water or 100 gm. of water and 1257 gm. of brass wire. 
Find Sp. Gr. of the brass. 

8. A tube 12 cm. long holds 79.968 gm. of mercury 
(Sp. Gr. 13.6). Find area of cross-section of the tube. 

9. What must be the other dimensions of a square tube 
15 cm. long if it is to hold 192 gm. of alcohol ? (Sp. Gr. .8.) 

10. From the following data find the specific gravity of 
sulphuric acid : 
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Wt. of bottle empty 50 gnu 

" " " filled with water 150 gm. 

u " " " " sulphuric acid... 234 gm. 

How much would this result have been changed if 1 en. 

cm. of the bottle had been left empty when it was weighed 

with water ? (Harrard Entrance Exam.) 

11. In an upright U tube one arm is filled with water up 
to a mark 30 cm. above the lowest point while the other 
arm is filled with an oil up to a mark 23 cm. above the 
same point. Find the Sp. Gr. of the oil. 

12. How many cm. of mercury (Sp. Gr. 13.6) will balance 
in one arm of a XJ tube 16 cm. of kerosene (Sp. Gr. .8) in 
the other arm ? 

13. A mass of iron (Sp. Gr. 7.8) weighs 100 gm. in air. 
What will it weigh in a vacuum. (Sp. Gr. of air .00129.) 

14. A mass which weighs in air 188 gm. weighs in water 
70 gm. and in kerosene 92 gm. Find Sp. Gr. of kerosene. 

15. A block of metal which weighs 1 kgm. in air is found 
to weigh 950 gm. in water at the temperature 0° and 952.1 
gm. in water at the temperature 100°. Find Sp. Gr. of 
water at the latter temperature. 

16. A prism 30 cm. long floats with 20 cm. of its length 
submerged in glycerine (Sp. Gr. 1.26). How deep will it be 
immersed in alcohol ? (Sp. Gr. .8.) 

17. An hydrometer is made so as to sink to a certain mark 
in pure water. Its stem has a volume of .3 cu. cm. per cm. 
Find the specific gravity of milk in which the hydrometer 
floats with 3.44 cm. more of its stem above the surface 
than in water. 

18. The pressure of gas in a certain tank is found capa- 
ble of supporting a column of mercury (Sp. Gr. 13.6) 18 cm. 
high. When another liquid is used in the gauge the col- 
umn is 28 cm. high with the same pressure. Find Sp. Gr. 
of this liquid. 
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XIX. SPECIFIC GRAVITY OF CASES. 

1. If one liter of air weighs as much as 1.29 cu. cm. of 
water, what is its Sp. Gr. ? 

2. Given .00129 as the Sp. Gr. of air at 0° 0., what will 
be the weight of air in a bottle whose capacity is 500 cu. 
cm.? 

3. If the air in the bottle is found to weigh .0602 gm. at 
temperature 20° C, what is the Sp. Gr. of air at this 
temperature ? 

4. From the following data obtain the Sp. Gr. of oxygen : 

Wt. of bottle empty in vacuo 900 gm. 

Wt. of bottle full of air at 0° C. and 76 cm. 

pressure in vacuo 902.451 gm. 

Wt. of bottle full of oxygen under same con- 
ditions 902.717 gm. 

5. On a day when the barometer stands at 76 cm. the 
air is pumped out of a vessel until the pressure falls to 38 
cm. What portion of the air has been removed and what 
fraction of its weight remains ? 

6. In the previous problem if the capacity of the vessel 
is 1 liter how many gm. of water will run into the vessel if 
it is opened under water after being exhausted till the 
pressure is 20 cm. ? 

7. A tank will hold either 50 gm. of air or 4.45 gm. of 
hydrogen under the same conditions. What is Sp. Gr. of 
hydrogen ? 

8. On a day when the barometer is at 76 cm. the Sp. Gr. 
of air was found to be .00129. What would it be on a day 
when the barometer read 74 cm.? 

9. Find the weight of the air in a room 10 meters long, 
3 meters high, and 6 meters wide on a day when the barom- 
eter reads 73 cm. 

10. Find the Sp. Gr. of air when its pressure is equal to 
75 atmospheres. 
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XX. HYDROSTATIC AND PNEUMATIC MACHINES. 

1. A cylinder is closed by a piston and is filled with 
water. The area of the piston is 20 sq. cm. Find the 
pressure, due to the piston, on each sq. cm. of the cylinder 
when the piston is forced in with a force of 8 kgm. 

2. From the top of a collapsible box a tube whose area 
of cross-section is 4 sq. cm. rises 150 cm. above the top of 
the box. When box and tube are filled with water find 
the pressure per sq. cm. on the top of the box. 

3. If a side of the box is 20 cm. high and 30 cm. long, 
what force must be applied to it to prevent motion ? 

4. If the cross-section area of the piston of the pump of 
a hydrostatic press is 3 sq. cm. and that of the receiving- 
cylinder is 180 sq. cm., what force will be exerted on the 
latter when the pump-piston is driven in with a force of 
100 kgm? 

5. One end of a bent pipe is 50 cm. lower than the other 
end which is dipped into a vessel of water. What will be 
the force tending to produce motion when the siphon is 
filled ? 

6. Answer Problems 2 and 3 when the apparatus is filled 
with a liquid whose Sp. Gr. is 2.1. 

7. If water can be raised by a lifting-pump 10.33 m. 
when the barometer is at 76 cm., how high can it be raised 
when the barometer is at 72 cm.? 

8. How high could kerosene (Sp. Gr. .8) be raised in each 
case of Prob. 7 ? 

9. If each stroke of a common air-pump removes one 
third of the air contained in both receiver and pump- 
barrel, what fraction of the air has been removed after 10 
strokes ? 

10. If the pressure was 76 cm. of mercury at the begin- 
ning, what would it be at the end of the tenth stroke ? 

11. Draw diagrams for the following: (a) hydrostatic 
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bellows; (b) hydrostatic press; (c) common siphon ; (d) lift- 
ing or "suction" pump; (e) force-pump; (/) air-pump; 
(g) condensing air-pump. 

13. If p = diameter of pump-piston; P = diameter of 
receiving-piston, and / = the force applied to the pump- 
piston of an hydrostatic press, find F the resulting pressure 
on the receiving-piston if there is no loss by friction. 
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7. Draw lines to represent six equal forces acting from 
a point and making equal angles with each other. 

8. Draw lines to represent the forces acting on a kite. 
Represent the weight of the kite, the horizontal force of 
the wind, and the Blanting force of the string. Assign 
values to these forces about such as you think would keep 
the kite at rest. 

9. Draw to scale lines to represent a force of 1800 lbs. 
pulling a car straight along a track, a force of 200 lbs. hold- 
ing it back, and a force of 100 lbs. pushing it sideways 
against the rails. 

10. A stick weighing 3 lbs. is 8 ft. long and is supported 
on blocks 7 ft. apart. From the middle point is hung a 
weight of 10 lbs. Represent on a diagram the upward 
pressure of each block and the downward force of gravity 
at the middle of the stick. 

11. Represent by a diagram all the pushes and pulls 
acting in the case of a picture hung on a vertical wall in 
the ordinary way. 

12. Draw a wheel and represent two forces that would 
tend to turn it in the direction of the hands of a watch 
and three others in the opposite direction. 

13. Represent the three forces acting on an oar. 

14. A large wheel is turned by a small crank fastened 
to the axle. Represent the force turning the wheel and a 
force tending to hold the wheel at its rim. 

15. Represent a small body suspended by six forces. 
Represent also the force of the weight of the body. 

16. Can a single force be represented by a curved line ? 
Give the reason for your answer. 

17. A man tries to lift himself by pulling up on his boot 
straps. Represent the forces acting on his shoulders and 
on his feet. Why is there no motion ? 

18. Represent two forces, one twice as large as the other 
and acting at right angles. 



CHAPTER VI. 
MECHANICS OF SOLIDS. 

XXI. REPRESENTATION OF FORCES BY LINES. 

1. What three facts must be known about a force in 
order to describe it ? 

2. I wish to represent three forces, a force acting north 
of 6 lbs., a force south of 3 lbs., and a force northeast of 
12 lbs. (a) If I represent the first by a line 4 in. long, 
what will be the lengths of the lines representing the other 
two forces? (b) What angles will the second and third 
lines make with the first ? 

3. Assuming that a force of 50 lbs. is represented by a 
line of 6£ in., find the force represented on the same scale 
by a line 2 ft. long; by a line 14 in. long. (Lock.) 

4. Draw two equal forces of 60 lbs. each acting at right 
angles to each other and having their points of application 
2 ft. apart. State the scale used in representing the amounts 
of the forces and the scale used for the distance. 

5. In Prob. 4 do the two scales have any necessary 
relation to each other ? 

6. From a straight rod AB 6 ft. long forces act up and 
down. The forces up are as follows: A force 6 at dis- 
tance 1 ft. from A ; force 8, \\ ft. from A ; force 12, 1 ft. 
from Z?. The forces down are: force 18, 3 ft. from A; 
force 5, 2 ft. from A and a force 10 at A. Represent this 
system stating scales used for forces and distances. 
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7. Draw lines to represent six equal forces acting from 
a point and making equal angles with each other. 

8. Draw lines to represent the forces acting on a kite. 
Represent the weight of the kite, the horizontal force of 
the wind, and the slanting force of the string. Assign 
values to these forces about such as you think would keep 
the kite at rest. 

9. Draw to scale lines to represent a force of 1800 lbs. 
pulling a car straight along a track, a force of 200 lbs. hold- 
ing it back, and a force of 100 lbs. pushing it sideways 
against the rails. 

10. A stick weighing 3 lbs. is 8 ft. long and is supported 
on blocks 7 ft. apart. From the middle point is hung a 
weight of 10 lbs. Represent on a diagram the upward 
pressure of each block and the downward force of gravity 
at the middle of the stick. 

11. Represent by a diagram all the pushes and pulls 
acting in the case of a picture hung on a vertical wall in 
the ordinary way. 

12. Draw a wheel and represent two forces that would 
tend to turn it in the direction of the hands of a watch 
and three others in the opposite direction. 

13. Represent the three forces acting on an oar. 

14. A large wheel is turned by a small crank fastened 
to the axle. Represent the force turning the wheel and a 
force tending to hold the wheel at its rim. 

15. Represent a small body suspended by six forces. 
Represent also the force of the weight of the body. 

16. Can a single force be represented by a curved line ? 
Give the reason for your answer. 

17. A man tries to lift himself by pulling up on his boot 
straps. Represent the forces acting on his shoulders and 
on his feet. Why is there no motion ? 

18. Represent two forces, one twice as large as the other 
and acting at right angles. 



CHAPTER VI. 
MECHANICS OF SOLIDS. 

XXI. REPRESENTATION OF FORCES BY LINES. 

1. What three facts must be known about a force in 
order to describe it ? 

2. I wish to represent three forces, a force acting north 
of 6 lbs., a force south of 3 lbs., and a force northeast of 
12 lbs. (a) If I represent the first by a line 4 in. long, 
what will be the lengths of the lines representing the other 
two forces? (b) What angles will the second and third 
lines make with the first ? 

3. Assuming that a force of 50 lbs. is represented by a 
line of 6£ in., find the force represented on the same scale 
by a line 2 ft. long; by a line 14 in. long. (Lock.) 

4. Draw two equal forces of 60 lbs. each acting at right 
angles to each other and having their points of application 
2 ft. apart. State the scale used in representing the amounts 
of the forces and the scale used for the distance. 

5. In Prob. 4 do the two scales have any necessary 
relation to each other ? 

6. From a straight rod AB 6 ft. long forces act up and 
down. The forces up are as follows: A force 6 at dis- 
tance 1 ft. from A ; force 8, \\ ft. from A ; force 12, 1 ft. 
from B. The forces down are: force 18, 3 ft. from A] 
force 5, 2 ft. from A and a force 10 at A. Represent this 
system stating scales used for forces and distances. 
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7. Draw lines to represent six equal forces acting from 
a point and making equal angles with each other. 

8. Draw lines to represent the forces acting on a kite. 
Eepresent the weight of the kite, the horizontal force of 
the wind, and the slanting force of the string. Assign 
values to these forces about such as you think would keep 
the kite at rest. 

9. Draw to scale lines to represent a force of 1800 lbs. 
pulling a car straight along a track, a force of 200 lbs. hold- 
ing it back, and a force of 100 lbs. pushing it sideways 
against the rails. 

10. A stick weighing 3 lbs. is 8 ft. long and is supported 
on blocks 7 ft. apart. From the middle point is hung a 
weight of 10 lbs. Eepresent on a diagram the upward 
pressure of each block and the downward force of gravity 
at the middle of the stick. 

11. Represent by a diagram all the pushes and pulls 
acting in the case of a picture hung on a vertical wall in 
the ordinary way. 

12. Draw a wheel and represent two forces that would 
tend to turn it in the direction of the hands of a watch 
and three others in the opposite direction. 

13. Eepresent the three forces acting on an oar. 

14. A large wheel is turned by a small crank fastened 
to the axle. Eepresent the force turning the wheel and a 
force tending to hold the wheel at its rim. 

15. Eepresent a small body suspended by six forces. 
Eepresent also the force of the weight of the body. 

16. Can a single force be represented by a curved line ? 
Give the reason for your answer. 

17. A man tries to lift himself by pulling up on his boot 
straps. Eepresent the forces acting on his shoulders and 
on his feet. Why is there no motion ? 

18. Eepresent two forces, one twice as large as the other 
and acting at right angles. 



CHAPTER VI. 
MECHANICS OP SOLIDS. 

XXI. REPRESENTATION OF FORCES BY LINES. 

1. What three facts must be known about a force in 
order to describe it ? 

2. I wish to represent three forces, a force acting north 
of 6 lbs., a force south of 3 lbs., and a force northeast of 
12 lbs. (a) It I represent the first by a line 4 in. long, 
what will be the lengths of the lines representing the other 
two forces? (b) What angles will the second and third 
lines make with the first ? 

3. Assuming that a force of 50 lbs. is represented by a 
line of 6£ in., find the force represented on the same scale 
by a line 2 ft. long; by a line 14 in. long. (Lock.) 

4. Draw two equal forces of 60 lbs. each acting at right 
angles to each other and having their points of application 
2 ft. apart. State the scale used in representing the amounts 
of the forces and the scale used for the distance. 

5. In Prob. 4 do the two scales have any necessary 
relation to each other ? 

6. From a straight rod AB 6 ft. long forces act up and 
down. The forces up are as follows: A force 6 at dis- 
tance 1 ft. from A ; force 8, \\ ft. from A \ force 12, 1 ft. 
from B. The forces down are: force 18, 3 ft. from A; 
force 5, 2 ft. from A and a force 10 at A. Kepresent this 
system stating scales used for forces and distances. 
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7. Draw lines to represent six equal forces acting from 
a point and making equal angles with each other. 

8. Draw lines to represent the forces acting on a kite. 
Sepresent the weight of the kite, the horizontal force of 
the wind, and the slanting force of the string. Assign 
values to these forces about such as you think would keep 
the kite at rest. 

9. Draw to scale lines to represent a force of 1800 lbs. 
pulling a car straight along a track, a force of 200 lbs. hold- 
ing it back, and a force of 100 lbs. pushing it sideways 
against the rails. 

10. A stick weighing 3 lbs. is 8 ft. long and is supported 
on blocks 7 ft. apart. From the middle point is hung a 
weight of 10 lbs. Sepresent on a diagram the upward 
pressure of each block and the downward force of gravity 
at the middle of the stick. 

11. Sepresent by a diagram all the pushes and pulls 
acting in the case of a picture hung on a vertical wall in 
the ordinary way. 

12. Draw a wheel and represent two forces that would 
tend to turn it in the direction of the hands of a watch 
and three others in the opposite direction. 

13. Sepresent the three forces acting on an oar. 

14. A large wheel is turned by a small crank fastened 
to the axle. Sepresent the force turning the wheel and a 
force tending to hold the wheel at its rim. 

15. Sepresent a small body suspended by six forces. 
Sepresent also the force of the weight of the body. 

16. Can a single force be represented by a curved line ? 
Give the reason for your answer. 

17. A man tries to lift himself by pulling up on his boot 
straps. Sepresent the forces acting on his shoulders and 
on his feet. Why is there no motion ? 

18. Sepresent two forces, one twice as large as the other 
and acting at right angles. 



CHAPTER VI. 

MECHANICS OP SOLIDS. 

XXI. REPRESENTATION OF FORCES BY LINES. 

1. What three facts must be known about a force in 
order to describe it ? 

2. I wish to represent three forces, a force acting north 
of 6 lbs., a force south of 3 lbs., and a force northeast of 
12 lbs. (a) It I represent the first by a line 4 in. long, 
what will be the lengths of the lines representing the other 
two forces? (b) What angles will the second and third 
lines make with the first ? 

3. Assuming that a force of 50 lbs. is represented by a 
line of 6J in., find the force represented on the same scale 
by a line 2 ft. long; by a line 14 in. long. (Lock.) 

4. Draw two equal forces of 60 lbs. each acting at right 
angles to each other and having their points of application 
2 ft. apart. State the scale used in representing the amounts 
of the forces and the scale used for the distance. 

5. In Prob. 4 do the two scales have any necessary 
relation to each other ? 

6. From a straight rod AB 6 ft. long forces act up and 
down. The forces up are as follows: A force 6 at dis- 
tance 1 ft. from A ; force 8, 1 \ ft. from A ; force 12, 1 ft. 
from B. The forces down are: force 18, 3 ft. from A; 
force 5, 2 ft. from A and a force 10 at A. Represent this 
system stating scales used for forces and distances. 

46 
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7. Draw lines to represent six equal forces acting from 
a point and making equal angles with each other. 

8. Draw lines to represent the forces acting on a kite. 
Represent the weight of the kite, the horizontal force of 
the wind, and the slanting force of the string. Assign 
values to these forces about such as you think would keep 
the kite at rest. 

9. Draw to scale lines to represent a force of 1800 lbs. 
pulling a car straight along a track, a force of 200 lbs. hold- 
ing it back, and a force of 100 lbs. pushing it sideways 
against the rails. 

10. A stick weighing 3 lbs. is 8 ft. long and is supported 
on blocks 7 ft. apart. From the middle point is hung a 
weight of 10 lbs. Sepresent on a diagram the upward 
pressure of each block and the downward force of gravity 
at the middle of the stick. 

11. Represent by a diagram all the pushes and pulls 
acting in the case of a picture hung on a vertical wall in 
the ordinary way. 

12. Draw a wheel and represent two forces that would 
tend to turn it in the direction of the hands of a watch 
and three others in the opposite direction. 

13. Represent the three forces acting on an oar. 

14. A large wheel is turned by a small crank fastened 
to the axle. Represent the force turning the wheel and a 
force tending to hold the wheel at its rim. 

15. Represent a small body suspended by six forces. 
Represent also the force of the weight of the body. 

16. Can a single force be represented by a curved line ? 
Give the reason for your answer. 

17. A man tries to lift himself by pulling up on his boot 
straps. Represent the forces acting on his shoulders and 
on his feet. Why is there no motion? 

18. Represent two forces, one twice as large as the other 
and acting at right angles. 
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19. Represent by lines the force on each rope of a child's 
swing and the weight of the child. Which of the three 
forces is the largest ? 

20. Name all the forces which act on a vessel moving 
through the water under the combined influences of steam 
and the wind. 

COMPOSITION AND RESOLUTION OF FORCES. 

Definitions. — Equilibrium ; Resultant ; Component; Composi- 
tion ; Resolution ; Eqnilibrant. 

11. Summary: 

a. The resultant of two or more forces all in same straight line 
is tbeir algebraic sum, calling forces in one direction +, and in 
opposite direction — . 

b. The test of equilibrium of three forces acting from a point 
w that the lines which represent the forces must be capable of 
enclosing a triangle when placed tail to tip in same direction, 
order, and magnitude (Triangle of Forces). 

c. To find resultant of two forces from a point. Construct a 
CD of which two adjacent sides shall be the two given forces. 
The diagonal of this ED from the point will then perfectly repre- 
sent the resultant (Parallelogram of Forces.) 

D. The test of equilibrium for any number of forces from a 
point is that they be capable of being represented in magnitude 
and direction by the sides of a polygon taken in order (Polygon 
of Forces.) 

e. To find the resultant of three or more forces construct a 
figure whose sides shall represent them in order, direction, and 
magnitude. The line from the starting-point to the extremity 
of the last force so drawn will be the resultant of the system. 
(This line in the opposite direction is, of course, the equilibrant.) 

Note.— The student will notice that statements d and e are 
only more general forms of B and c. 

XXII. FORCES FROM ONE POINT. 

1. A weight of 36 lbs. lies on a horizontal plane; a man 
applies an upward pull of 30 lbs. to the weight. What 
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is then the pressure of the weight on the plane ? (Lock.) 
Represent by a diagram the three forces keeping the 
weight in equilibrium. 

2. ABCD is a straight line. AB = 2 ft.; BC = 3 ft.; 
CD = 4 ft. Find the resultant of the forces represented 
by AB, BC, CD, and DB. (Lock.) 

3. Four spring balances are hung in a row from a single 
support one below the other. If each balance weighs 10 
ounces, what will be the reading of each balance ? 

4. If now a weight of 15 ounces is hung on the lowest 
balance, what will each read ? 

5. I wish to weigh a block of 30 lbs. on spring balances. 
Each of my balances will weigh 20 lbs. How can I arrange 
two balances so as to weigh the 30 lbs. ? 

6. A rope is stretched by a force of 100 lbs. at one end. 
How many pounds pull will be needed at the other end to 
hold it if the rope is horizontal ? 

7. If the rope is vertical and weighs 50 lbs., with what 
force must it be held if 200 lbs. are hung on lower end ? 

8. If a spring balance were set into the middle of .the 
rope in Prob. 6, how many pounds would it register ? 

9. How many if the rope were only half as long ? 

10. In each of these cases would balances inserted in the 
rope at different places give different readings or the same ? 

11. Represent two forces K26gm, 
of 10 kgm. acting at right 
angles from a single point, 

construct their resultant, \ 34gm. 

and measure it as closely as 
you can. 

12. Prove by a diagram 
(scale \ in. to 1 gm.), by 
copying the angles as close- J* 29 £ro- 
ly as possible from Fig. 5, 
whether these three forces produce equilibrium. 
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13. Represent a force of 18 gm. acting southwest and 
resolve it into components south and west. 

14. Represent two forces, A of 16 kgm. and B of 48 
kgm., at right angles, and construct and measure resultant 
and equilibrant. 

15. Four equal forces act from as indicated (Fig. 6). 
Z AOD is equal to twice any one of 
the other angles. Find by diagram 
the equilibrant of the system. 

16. AB (Fig. 7) is a track. A 
horse at H pulls in the direction CH 
with a force of 1800 lbs. on a car at 
0. If HD = $CD, find the useful component CD. 

17. Copy the figure (Fig. 8), and determine whether 
these forces are in equilibrium. 

18. ABD (Fig. 9) is an inclined plane on which rests the 
cask C weighing 360 lbs. CF = ZFG. Find the pressure 
against BD and the force CE needed to hold the cask. 




Fig. 6. 






Fio. 8. 



Fig. 9. 



19. Draw a triangle, and considering any two sides as 
forces find their resultant and their equilibrant. 

20. Resolve a force of 20 gm. into two forces at right 
angles to each other. 
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21. AB is a resultant (Fig. 10). Draw through A com- 
ponents of AB in the directions SB and HF. 

22. Copy Fig. 11 and find, by diagram, B x of forces A 
and B and B t of forces x and #. Then find R a of i^ and 
R 9 , and measure its length. 

23. A body is acted on by four forces. North, 180 lbs. ; 
east, 120 lbs.; south, 90 lbs.; west, 30 lbs. Using the 
" Polygon of Forces " in a diagram, find the resultant. 





fy 



Fig. 10. 



Fio. 11. 



24. Forces 20, 12, and 7 act from one point. Can they 
produce equilibrium ? How do you know ? 

25. Draw a line representing a force and then three sets 
of components. How many such sets could be drawn ? 

26. Show that any force maybe resolved into components 
one of which shall be of any magnitude and in any direction. 

27. Forces 3, 4, and 5 act in the same straight line. 
What is the greatest and what the least resultant they can 
have ? Can they be in equilibrium ? 

28. Arrange the forces of Prob. 21 so that they will 
produce equilibrium. 

29. The forces 2, 7, 5, 9 act at a point and in directions 
parallel to the sides of a square taken one way round. 
Find (by diagram) the equilibrant. 
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Note. — In a right triangle the sum of the squares on the two 
sides equals the square on the hypothenuse. 

Illustration. — ABC is a right angle. 
Then AB* + BC* = AC. 
If AB = ±,BC = 3, and AC = 5, then 
(4)* + (3)* = (5) a or 25 = 25. 
no. 12. U AB = 7 and BC= 5 and AC= x, 

thenz* = 7* + 5 a = 74. 

x= VTk 

Similarly, if any two of the three sides are given the third 
may be found. 

30. Solve Prob. 14 by a numerical rather than a graphic 
process, finding numerical value of the resultant. 

31. The wind is blowing due northeast with a force of 
10. Find value of its northerly and easterly components. 

32. AFis a force pf 2500 lbs. tending to pull a car at 

A along the track in the ^F 

direction AC. Resolve A F B 

into components, one of A Flo 13 w 

which produces motion indirection A C and the other pres- 
sure on the rails. If the pressure is one third the force 
producing motion, find value of each. 

33. A force of 22 kgm. acts at an angle of 45° to the 
horizon. Resolve it into a horizontal and a vertical com- 
ponent. 

34. Find numerical answer to Prob. 23 by the principle 
of right-angle triangles. 

35. A weight of 200 gm. rests upon the surface of an 
inclined plaue. Resolve the force of gravity into com- 
ponents, one representing the pressure of the weight at 
right angles to the surface of the plane ; the other, the 
force tending to slide the weight down the plane. 

36. The resultant of two forces acting at a point is 
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double one of the forces and at right angles to it. Find 
relative magnitude of the other force. 

37. Force AB (Fig. 14) equals force AC and Z BAG 
= 120°. Draw the resultant, and prove by geometry that 
it equals AB or AC. 

38. CD and EF (Fig. 15) represent the sides of a pond. 
A man tries to row from A in the direction AB at the 
rate of 4 miles an hour. The wind blows in the direction 
W at the rate of 3 miles an hour. Show by a diagram 
the actual course of the boat, and compute the length of 
its journey across the pond if AB equals 6 miles. 

Note.— What are really to be compounded here are not forces, 
but velocities. 
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XXIII. PARALLEL FORCES. 

12. Parallel Forces.— Definitions: Translation; rotation; mo- 
ment; axis of rotation; center of moments ; lever; arm of lever- 
age; couple. 

Summary: The test for no translation is that the algebraic 
sum of forces in opposite directions shall be zero. 

The test for no rotation is that the algebraic sum of all 
moments figured about any point as a center shall equal zero. 

To find resultant of a system of parallel forces. Its amount and 
direction is that of the difference between the sum of forces in one 
direction and the sum of those in the opposite direction. Its 
point of application is found by dividing the algebraic sum of the 
moments about any center by the amount of the resultant. 
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1. What is the amount and direction of a force which 
will just balance three south acting parallel forces whose 
yalaes are 6, 7, and 9 gm. respectively ? 

J A 2. OA is a force 50; CB is a 
force 100. Distance 00 is 2. Find 
1 direction, magnitude, and point of 

application of equilibrant; of re- 
sultant. 
L 3. In preceding figure, suppose 

fio. 16. OB a force of 75; other condi- 

tions unchanged. Find equilibrant; find resultant. 

4. Two men A and B carry a weight of 150 lbs. hung 
from a rod resting on their shoulders. If the weight is 8 
ft. from A and 4 ft. from B, find what each man carries. 

5. If the weight is 2 ft. from A and 10 ft. from By find 
what each carries. 

6. A force of 16 lbs. has a moment of 128 (lbs. and ft.). 
How long is the arm at which it acts ? 

7. Two moments are equal. One is the result of 8 kgm. 
at an arm of 10 cm. Find two possible values of a force 
and corresponding arm which will produce the other 
moment. 

8. A rod 10 ft. long has weights of 21 lbs. and 49 lbs. 
fastened one at each end. A man wishes to carry it in one 
hand. Where must he take hold and how much must he 
lift ? (Disregard weight of rod.) (Lock.) 

9. (a) Figure moments of the forces F,B, P, and IF from 
A as axis of rotation; (b) from B as axis; (c) from O as 
axis, (d) Is the algebraic sum the same in each case ? 
(Fig. 17.) 

10. AB = 36 cm. BO = 12 cm. If F is a force of 80 
kgm., what forces must be applied at A and O to prevent 
motion? (Fig. 18.) 

11. If a force 30 is applied at <7,.describe the other force 
necessary to prevent motion. 
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12. Draw a system of 5 parallel forces, 3 acting north 
and 2 south. Assign distances and amounts, figure the 

P 



T 



-B 



W 

>4 



Fi*. 17. Fio. 18. 

moments; determine amount, direction, and point of appli- 
cation of resultant. 

13. Forced 7 =15 lbs. (Fig. 19); force P equals 5 lbs. 
AB = 30 ft. Find resultant. 

14. Force BD = 90 lbs. (Fig. 20). AB = 7 ft.; BG 
= 5 ft. Find the two forces to produce equilibrium if 
applied at A and G. 

♦F d 



A B O 

Fia. 19. Fio. 20. 

15. State in a proportion the relation which must exist 

F 3 between the distances RF 

^ S 1 (Fig. 21) and SF and the 

p forces TFand P to produce 
Fl °- **• equilibrium. 

16. Find amount, direction, and point of application of 
the resultant of this system. (Fig. 22.) 

+5 

I 4-2 
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Fig. 83, 
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17. Find the amount, the direction, and the point of ap- 
plication of the equilibrant of this system. (Fig. 23.) 
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Fig. 24. 

18. Let these (Fig. 24) be considered as three weight- 
less levers with fulcrums at F, R, and S. Weight at 
P = 10 lbs. 

PF = 5 inches, FA = 3 inches, 
AR = 6 " RB = 2 " 

5/5 = 4 " £C=2£ " 

Find weight W which can be held by this combination. 

19. If F and W are forces at opposite sides of a ful- 
crum and act in same direction at arms A and B respectively, 
state in a proportion the relation between F, W, A, and B 
to produce equilibrium. 

20. Six parallel forces in same direction of 1 lb., 2 lbs., 3 
lbs., 4 lbs., 5 lbs., and 6 lbs. respectively are applied to a 
rigid rod at points 1 ft. apart. Find their resultant. 
(Lock.) 

21. The sum of the moments of a system of four parallel 
forces in equilibrium is 48. Three of the forces are as fol- 
lows: Force 8, down, arm 2 from end of rod; force 16, up, 
arm 6 from same end; force 4, down, arm 8 from same end. 
Find the fourth force. 

22. If x 9 y, and z are parallel forces at arms a, b, and c 



MECHANICS OF SOLIDS. 57 

respectively, from point find (a) expression in terms of x, 
y, and z for resultant and (b) expression in terms of x, y, 
z, a, by and c for arm of this resultant from 0. 

XXIV. COUPLES. 

1. At one end of a rod 2 meters long is a force of 5 
kgm. acting due north. On the other end is a force of 5 
kgm. acting due south, (a) What is the sum of the 
moments of the two forces figured about the middle point 
of the rod as an axis ? 

(b) What is the sum of the moments figured from one 
end of the rod ? 

2. Will such a system as the one in Prob. 1 tend to move 
N, or S, or E, or W? 

3. What sort of motion will it have ? 

4. Suppose now to the system of Prob. 1 a north force of 
10 kgm. is applied at a point 50 cm. from the original N 
force and 150 cm. from the original S force. Figure the 
three moments and find whether equilibrium results. 

5. Find magnitude, point of application and direction of 
a fourth force which with the three of Prob. 4 will produce 
equilibrium. 

6. To a rod extending east and west is applied a north 
and south couple whose arm is 80 cm. and whose forces are 
each 3 kgm. Find the magnitude of a couple whose arm is 
only 30 cm. which will produce equilibrium with the first. 

7. If it is desired to produce equilibrium with the first 
couple whose forces are each 1 kgm., how should such a 
couple be applied ? 

8. Figure the moments of these eight forces (Fig, 25), 
taking as the centre of moments. 

9. Figure moments again, taking A as centre of mo- 
ments. 

10. Figure moments again, taking B as centre of 
moments. 
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11. Do you find the same difference between the plus and 
the minus moments in all three eases ? How would it be if 
you chose any other centre ? 

12. Describe a couple (i.e., give magnitudes and points 
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of application of its forces) which if added to the system 
will produce equilibrium. 

13. Can more than one such couple be found ? 

14. State the conditions for equilibrium for both transla- 
tion and rotation in systems of forces like the above. 

13. Forces all in one plane, acting on a rigid body (bat not 
all parallel). Summary. — The general conditions for equilib- 
rium in such a system are: 

Resolve each force into components in any two directions at 
right angles to each other. Then, 1st, the algebraic sum of all 
the forces in each of these directions must equal zero; 2d, the 
sum of the moments of all the forces about any one point must 
equal zero. The first is the condition for no translation; the sec- 
ond is the condition for no rotation. 

To find the resultant of such a system, find resultant in each 
of the directions and then the resultant of these two resultants. 

XXV. FORCES IN A PLANE. 

1. The force D (Fig. 26) may be resolved into a north 
component of BE = 3 and a west component BO= 4. Call 
distances above and to the right of the point A plus; below 
and to the left minus. Then moment of BE about A equals 
3 X (- 2) = - 6. Moment of BO equals 4 X (+ 1) = 4. 
In the same way resolve and figure moments for each of 
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the forces. Test for translation and for rotation, and find 
direction and magnitude of the resultant of the four 
original forces. 
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Fig. 26. 

2. Choose an axis of rotation in Fig. 27 and find resultant 
as in Prob. 1. 




Fig. 27. 

3. Find resultant of these five forces. (Fig, 28.) 
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4. Find resultant for these six forces. (Fig. 29.) 
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5. Find resultant for each group, and then the resultant 
of these two resultants. (Fig. 30.) 




Fig. 30. 
XXVI. CENTRE OF GRAVITY. 

1. A certain uniform rod is 6 ft. long, 2 in. wide, and 1 in. 
thick. Describe exactly the location of the centre of 
gravity. 

2. A uniform rod is 18 ft. long and has a weight of 18 
lbs. fastened at one end. Find the centre of gravity of the 
combination. 

3. At the ends of a uniform rod 50 cm. long are fastened 
weights of 200 and 600 gm. respectively. Where is the 
centre of gravity ? 

4. A uniform board weighing six pounds is balanced at 
a point 2 ft. from one end when from this end is hung a 
weight of 3 lbs. Find the length of the board. 
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6. A fishing-rod 3 m. long is made of three sections of 
equal length, each uniform throughout. The heavier one 
weighs 280 gm., the middle one 150 gm., and the tip 60 
gm. Find location of the centre of gravity. 

6. Each of the front wheels of a carriage bears a weight 
of 200 lbs. and each of the hind wheels a weight of 450 lbs. 
The front wheels are 5 ft. apart and are 8 ft. from the hind 
wheels, which are also 5 ft. apart. Find where on the base 
of the carriage the centre of gravity is. 

Note. — Find centre of gravity for each two pairs of weights 
and then of those two points considered as masses. 

7. At the four corners of a horizontal square 2.4 meters 
on a side are weights of 12, 15, 18, 21 kgm. taken in order 
one way round. Find location of the centre of gravity, de- 
scribing the point as a certain distance from the 12-15 
side and from the 15-18 side. 

8. At the angles of a horizontal rectangle 6 ft. by 10 ft. 
are weights of 20, 40, 20, and 60 lbs. in order. Find loca- 
tion of the centre of gravity. 

9. At the ends of a uniform rod weighing 140 kgm. are 
hung weights of 70 and 30 kgm. If the rod is 2 m. long 
where will it balance ? 

10. The centre of gravity of a rod 100 cm. long is 36 cm. 
from one end. From this end is hung a weight of 10 kgm., 
and the system then balances at a point 27 cm. from the 
end. Find the weight of the rod. 

11. From a horizontal square beam 30 ft. long are hung 
weights 100, 200, 300, and 400 lbs. at distances 10, 15, 20, 
and 25 ft. from one end. The force needed to support both 
weights and beam is 1150 lbs. At what one point may this 
be applied in order that the whole may balance ? 

12. A pole weighing 20 lbs. is 12 ft. long and its centre 
of gravity is 4 ft. from one end. If the pole is supported 
at its middle point, where must a weight of 10 lbs. be fas- 
tened to maintain equilibrium? (Lock.) 
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7. Find the measure of a force / which will give a 
mass m a velocity a in one second. 

8. Equal forces are applied to two carts which move 
freely. The first cart weighs 3 kgm. and moves with a 
velocity of 2 meters per second at end of one second. The 
second moves with a velocity of 3 meters per second at the 
same instant. What is the weight of the second cart, and 
what must it he made in order that it may have the same 
velocity as the first ? 

9. Which would be the more difficult to stop, a mass 50 
moving with a velocity 3, or a mass 150 moving with 
velocity 1 ? 

10. Find the momentum of a mass of 12 kgm. moving 
with a velocity of 6 cm. per second. 

11. Find the momentum of a mass of 1500 gm. moving 
with a velocity of 5 m. per second. 

12. Express the ratio of the momentum of Prob. 10 to 
that of Prob. 11. 

13. A mass of 10 kgm. moving with a velocity of 5 cm. 
per second meets a mass ol 15 kgm. moving in the opposite 
direction with a velocity of 4 cm. per second. Which will 
prevail ? 

14. With what velocity must one ton be moving in order 
to have the same momentum as a mass of 1 lb. moving 
6000 ft. a second ? 

15. A ball weighing 12 lbs. leaves a cannon with a veloc- 
ity of 1000 ft. per second. If the gun weighs 960 lbs., 
with what velocity will it recoil ? 

16. Find the mass of a body whose momentum is 8000 
and which is moving at the rate of 600 ft. in 3 seconds. 

17. If M equals momentum, t equals the time taken to 
traverse distance s, and m equals the mass, find an expres- 
sion for m in terms of M, t, and s. 

18. How can the velocity of a body be doubled without 
increasing the force applied to it ? 
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XXVIII. THIRD LAW-ACTION AND REACTION. 

1. A man standing in a boat which with his weight 
weighs 100 kgm. pulls on a rope fastened to another boat 
the weight of which is 300 kgm. If both are free to move, 
compare their velocities. 

2. A ball weighing 100 gm. and a ball weighing 500 gm. 
are driven apart by the release of a spring between them. 
If both are free to move, and the first starts with a velocity 
of 90 cm. per second, what will be the velocity of the 
other ? 

3. A hammer weighing 30 lbs. is let fall so as to strike a 
mass of one ton with a velocity of 20 ft. per second. What 
velocity would it impart to the mass if the latter were free 
to move ? 

4. A man leaps up from the ground. State the relation 
existing between the masses concerned and the velocities 
imparted to each. 

5. Two freely suspended bodies repel each other under 
the influence of a single force. It is observed that the first, 
whose weight is 800 gm., moves with a 
velocity of 1 m. per second, while the 
second has a velocity of 250 cm. per 
second. What is the weight of the second / 
body ? / 

6. If a forco of 500 will give a mass of / 
40 kgm. a velocity of 3 m. per second in a / 
northerly direction, what velocity in a / 
southerly direction will the force give at / 
the same time to a mass of 85 gm. / 

7. A and B (Fig. 31) are two elastic balls J^ 
hung by long wires so as to swing freely, and f } (aYb) 
just touching when at the lowest point of y V^ ^ 
their arcs. A weighs 120 gm. and B 50 gm. Fl °- 8I - 

A is drawn 20 cm. to the left and released so as to 
strike B at rest. It is found that A will move 10 cm. 
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to the right after the collision. How far and in what 
direction will B move if no energy is lost ? 

Note. — The velocity of a ball suspended like these is found for 
small arcs to be proportional to the distance which it has swung. In 
this experiment, therefore, we may without serious error compute the 
momentum by multiplying mass by distance instead of velocity. 
Notice also that if we consider motion to the right of lowest point 
positive, motion to the left of lowest point will be negative? 

Thus in Prob. 7 the momentum of A at the instant of collision is 
+ 2400 and that of B is 0. This -f 2400 is then divided into two 
parts, each positive, and whose sum still equals + 2400. Hence the 
general rule for cases of this kind. 

The algebraic sum of the momenta before collision equals the 
algebraic sum of momenta after collision. 

8. If while ball A is at rest, B strikes it, having swung 
15 cm., and B then rebounds 5 cm., what distance to the 
left will A move ? 

9. A and B collide at their lowest point when each has 
swung through 20 cm. Compare their momenta. 

10. If in last problem A is observed to rebound 2 cm., 
how far will B rebound ? 

11. Inelastic balls of same weights are substituted for 
those previously used. State what will happen after col- 
lision when A swinging through 10 cm. strikes B at rest. 

12. Solve Problems 9 and 10 for the case of perfectly 
inelastic balls. 

13. If m and m' are two masses which collide when they 
have the velocities v and v' respectively, and if v x and v, 
are their respective velocities after the impact, state the 
equation of momenta connecting these six quantities. 

14. Which has the greater momentum — a mass of 100 
lbs. moving 3 miles an hour or a mass of 11 lbs. moving 
160 feet in 4 seconds ? 

14. Falling Bodies— Definitions.— Velocity; mass; gravity; 
gravitation; constant force; momentum: acceleration; accelera- 
tion of gravity. 
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A body falling under the influence of that force which we call 
gravity is acted upon by a constant force. Various problems are 
possible in a case like this. The typical problems are discussed 
by an algebraic method below, and four formulae obtained by 
which all such problems may be solved. 
These formulas are here grouped for convenience of reference: 
Let g = the acceleration of gravity; £ = the time (seconds); 
v = velocity; 8 = total distance traversed; s = distance trav- 
ersed in the 1th second: then these formulae hold for a body fall- 
ing from rest in a vacuum. 

Formula L v = gt. 
II. S=igt*. 
" III. vV=2gS. 

IV. 6=^(^-1). 

These formulae may be derived as follows: 

Formula I. To find the v gained by a body falling t seconds. 

As the velocity increases uniformly, gaining an increment of 
velocity = g in each second, then in t seconds it will have ac- 
quired a velocity equal to gt. Hence v = gt. 

If the body starts with a uniform velocity of v x per second, it 
will retain this unchanged, and the final velocity will be 

A=Vi+gt. 

Formula II. To find 8, the distance traversed in t seconds 
under acceleration g. 

If the body starts from rest, its initial velocity is 0. If it 
fall t seconds, its final velocity will be {Formula I) gt. As 
its velocity has increased uniformly from to gt, its average 

velocity will be — ^- = \gt. It has then fallen t seconds with 

an average velocity of \gt. Therefore the space it has fallen will 
be t x yt = yt\ Hence S = Jgt 9 . (Formula II.) 

If it starts with a velocity of Fi, this velocity will continue un- 
changed (second law of motion) and in t seconds will carry the 
body over a space = vit, which must be added to the S traversed 
by the body under gravity alone, making the total space traversed 
by a falling body with initial velocity Vu S = Vit + |gt. 

Formula III. To find the v of a body that has fallen a dis- 
tance S. 
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From Formula I we have v = gt or t = -. Substituting this 

yalue of t in Formula II we haye S = Ig x -- or S = J x — , 

9* 9 

whence we obtain 



Formula IV. To find the space (*) traversed in any given sec- 
ond of fall. 

In t seconds {Formula II) \St = gt*, which may be read, 
Space traversed in t seconds equals \gP. 

In (t - 1) seconds fy-i = \g{t - D 9 . 

But St — /8(*-i) = *, or the space traversed in the tth second. By 
subtraction /. 8 = St — ^- t) = \gt* — ig(t — 1)*, which simpli- 
fied gives 

B = lg(2t-1). 

Note.— The student will observe that if all but one of the quan- 
tities in any one of these four equations is given, the missing one 
may be found. 

Also, the equation to use in any given problem is the one con- 
taining the unknown term and the given quantities. Sometimes 
tioo equations will be found necessary. 

XXIX. FALLING BODIES. 

Note. — In the following problems g may be taken as 32 ft. or 
980 cm. 

1. What velocity will a body acquire by falling 10 sec- 
onds? 4.5 seconds? 

2. How long must a body fall in order to acquire a 
velocity of 640 ft. per second ? 

3. With what velocity must a body be thrown upwards 
in order that it may rise 1312 ft. ? 

Note. — In such cases the initial velocity must be equal to that 
which would result from a fall from the given height. 

4. A ball is thrown from the top of a tower straight 
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down with a velocity of 100 cm. per second. What ve- 
locity will it have at the end of 2 seconds ? 

5. A ball is thrown up from a certain height with a 
velocity of 980 cm. per second (negative velocity). Find 
its velocity and the direction of its motion at the end 
of (a) £ second, (b) 1 second, (c) 2 seconds, (d) 3 sec- 
onds. 

6. In the last problem, how far from the starting-point 
and in what direction will the body be at the end of (d) 1 
second, (e) 2 seconds, (/) 3 seconds ? 

7. Using the formula 8 = v x t + \gt* for the preceding 
problem, does 8 mean the total distance actually travelled 
or the final distance from the starting-point? Draw a 
diagram to illustrate your answer. 

8. How far will a body fall in 5 seconds ? 

9. How long has a body been falling if it is 128 ft. from 
the starting-point ? 

10. How high is a bridge if a stone dropped from it 
takes 3 seconds to reach the water ? 

11. If a body is thrown downwards with a velocity of 
15 cm. per sec, how far will it move in 3 seconds ? 

12. Find the velocity of a body which has fallen 2 
meters. 

13. Find the distance through which a body must have 
fallen to acquire a velocity of 1 kilometer per second. 

14. How far has a body fallen if it started with a velocity 
of 2 ft. per second, and has a final velocity of 80 feet per 
second ? 

15. How far will a body fall in the eleventh second of 
its fall? 

16. In what second will a falling body move 44.1 m.? 

17. Find the acceleration of gravity from the following 
data: A freely falling body is observed to acquire a veloc- 
ity of 104 ft. per second in falling 169 ft. 
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18. A freely falling body is found to have a velocity of 
25 m. per sec. after a fall of 2£ seconds. What was its 
initial velocity ? 

19. A ball is thrown horizontally from the top of a build- 
ing 100 ft. high with a velocity of 50 ft. per second. 
(a) How long will it take to reach the ground ? (b) How 
far from the bottom of the building will it strike ? 

20. A body is found to have reached a point 3 m. below 
its starting-point 4 seconds after it left that point. Find 
direction and amount of its initial velocity. 

21. In the formula of this section no expression for the 
mass of the body appears. Explain the significance of this 
fact. 

22. Compare the velocity of a mass of 2 lbs. after falling 
5 seconds with the velocity of a mass of 4 lbs. after the 
same time. Compare their momenta. 

23. A ball is dropped from a certain point and J of a 
second after another ball is dropped from the same point. 
How long after the first starts will it be when the two are 
20 ft. apart? 

24. How long a time will it take a stone thrown verti- 
cally upward to reach the ground after rising to a height 
of 176.4 meters? 

25. Where will it be at the end of 8 seconds ? 

15. Absolute Units — Definitions. — Pound ; gram ; poundal ; 
dyne ; foot-pound ; kilogram-meter ; foot-poundai ; erg. 

There are two systems of units for the measurement of forces 
and of energy, the "gravitation system" and the "absolute 
system." 

The student is referred to text-books on physics for the defi- 
nitions above and for general discussion. More detailed discus- 
sion of these and other units will be found in u Units and 
Physical Constants" (Everett). 

The following table may assist in the ready comparison of the 
units of force and of work : 
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Gravitation. 


Absolute. 


i 


pound: attractive force of 
earth for a standard 
kept by English Gov- 
ernment. 


poundal: force giving to a 
mass of 1 lb. a velocity 
of 1 ft. per sec. in 1 sec- 
ond. 


i 


gram: attractive force of 
earth for 1 cu. cm. of 
water at 0° C. 


dyne: force giving to a 
mass of 1 gm. a velocity 
of 1 cm. per sec. in 1 
second. 



Units of Work (Energy). 



Gravitation. 


Absolute. 


i 

1 


foot-pound: lifting a mass 
of 1 lb. a distance of 1 
ft. against force of grav- 
ity. 


foot-poundal: the work 
done or energy imparted 
by a poundal acting 
through 1 ft. 


gram -cm. (and kilogram- 
meter): lifting a mass 
of 1 gm. (or 1 kgm.) a 
distance of 1 cm. (or 1 
m.) against force of 
gravity. 


erg: work done or energy 
imparted by a dyne act- 
ing through 1 cm. 



The following equivalents are given : 

1 gm. cm. is equivalent to g ergs; 

1 foot-pound is equivalent to .13825 x 10* X g ergs. 

XXX. ABSOLUTE UNITS. 

1. A force of how many dynes is required to give a mass 
of 150 gm. a velocity of 1 cm. per second in 1 second ? 

2. The same in 3 seconds ? 
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3. The same if the mass is 300 gm. and the time 2 
seconds ? 

4. What velocity will the force of gravity give a mass of 
one pound in one second, and what is therefore the ratio 
of the pound to the poundal ? 

5. Answer the same question, reading gram for pound 
and dyne for poundal. 

6. Which is the greater force, (a) one which imparts in 
5 seconds a velocity of 1 m. per second to a mass of 10 gm., 
or (b) one which imparts a velocity of 50 cm. per second 
to a mass of 4 gm. in one second ? In what units do you 
make the comparison ? 

7. If a pound equals 2£ kgm. and a foot equals 30£ cm., 
compare the poundal with the dyne. 

8. What velocity will a force of 5000 dynes impart to a 
mass of 25 gm. in 40 seconds ? 

9. What velocity will a force of 1 gm. impart to a mass 
of 2 gm. in 2 seconds ? 

10. How long has a force of 20 dynes been acting on a 
mass of 100 gm. to produce a velocity of 40 cm. per 
second ? 

Further problems in the relations of these units will be found 
in the section on " Work." (Page 76.) 

XXXI. PENDULUMS. 

Definitions. — Simple pendulum; oscillation; double oscillation; 
period or time of oscillation; amplitude; seconds pendulum; laws 
for pendulum motion. 

Note. — For the full discussion of the formula t — itA/ - the 

r 9 
student is referred to advanced text-books. The formula will be 
assumed for the problems which follow. Take g = 32 ft. or 980 cm. 

1. If a pendulum whose length is 3 makes 20 oscillations 
per minute, how many will one whose length is 4 make ? 

2. How many if length is 2 ? 
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3. What must be the length of a pendulum to make 40 
oscillations per minute if one 99 cm. long makes 60 per 
minute ? 

4. If u = number of vibrations per second, and t the 
time of one vibration, find a value of u from the formula 

/ = Wl 

9 

5. State the proportion by which you would solve the 
following problem: First length 5; first number of vibra- 
tions per minute 50. Second length 6, required x, the 
second number of vibrations per minute. 

6. Eewrite the proportion, reading for " number of vi- 
brations " " time of one vibration." 

7. Compare the time of oscillation of a pendulum whose 
bob weighs 2 lbs. with the time of one of same length whose 
bob weighs 3 lbs. 

8. A pendulum whose length is 4 was found to make 50 
oscillations in a given time when it swung through an arc 
of 5°. How many will one whose length is 3 make in the 
same time when swinging through an arc of 10° ? 

9. A pendulum whose length was 30 inches was found to 
make 52.62 swings per minute. Find length of seconds 
pendulum at same place. 

10. Why does not the seconds pendulum have exactly 
the same length at all places ? 

11. If a pendulum whose length is 40 cm. has a period 
of oscillation of .63 seconds, what will be the period of one 
70 cm. long ? 

12. If a pendulum whose length is 50 inches swings 159 
times in 3 minutes, how many times will one half as long 
swing in 4 minutes ? __ 

13. By the formula t = ny -, where t = period of oscil- 
lation and I = length of pendulum, find g, the accelera- 
tion of gravity, when t = 2 seconds and I = 397 cm. 
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14. Show that a pendulum of one meter length would 
nearly beat seconds if the value of g were 987. 

15. How many oscillations will a pendulum 10 ft. long 
make in one minute ? 

16. A pendulum of a clock which should beat seconds is 
found to beat 65 times a minute. Should it be lengthened 
or shortened, and how much ? 

17. Find in cm. the length of a clock pendulum which 
will beat half -seconds at a place where the value of g is 980. 

18. Find the length of a pendulum which makes 1000 
double vibrations in 20 minutes. 

19. Write the formula for finding the number of vibra- 
tions per minute when I and g are given. 

20. Write the formula for finding the time of one vibra- 
tion when the length of arc, the length of pendulum, and 
value of g are given. 

XXXII. FRICTION. 

Definitions. — Friction; coefficient of friction; laws of friction; 
angle of repose. 

1. A block weighing 6 kgm. rests on a horizontal surface 
and can be moved by a horizontal force of 1 kgm. What 
is the coefficient of friction for the two materials ? 

2. A drag weighs 500 lbs., and a force of 120 lbs. is re- 
quired to slide it along a floor. Find the coefficient of 
friction. 

3. What force is required to slide two blocks over each 
other when pressed together with a force of 40 kgm. if the 
coefficient of friction is .3 ? 

4. If the coefficient of friction between two surfaces is 
.15, how great a pressure holding them together must be 
exerted in order that a force of 20 lbs. may not produce 
motion ? 

5. An iron brake is pressed against an iron wheel with a 
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force of 80 kgm. If the coefficient of friction is 15 per 
cent, what force will be required to produce mo- 
tion ? 

6. It is found that the coefficient for rolling friction of 
an iron wheel on an iron rail is .004, while that of an ordi- 
nary wheel on an ordinary road is about .04. How much 
greater load therefore can a horse draw on rails than on a 
road? 

7. Show by a diagram and the use of similar triangles 
that the coefficient of friction of a block resting on an in- 
clined plane equals the height of the plane divided by its 
length. 

8. A body just remains at rest on an inclined plane which 
rises 1 ft. for every three of horizontal distance; find the 
coefficient of friction. 

9. A car is found to run down an incline with constant 
velocity when the grade is 1 meter drop in 200 m. length 
of track. Find the coefficient of friction. 

10. A sled can be drawn by a pull of 25 kgm. when its 
load is 100 kgm. What is the load which a pull of 30 kgm. 
will draw ? 

11. If the coefficient of friotion between ioe and steel is 
.024, what resistance of friction must a skater whose weight 
is 150 lbs. overcome ? 

12. The coefficient of friction of a block sliding on a 
certain board is found to be .75. If the board is 50 cm. 
long, to what height must one end be raised so that the 
block will just slide down ? 

13. If the coefficient of friction between metal surfaces 
is reduced from .17 to .08 by the use of oil as a lubricant, 
compare the forces needed to produce motion in each case. 

14. If the coefficient of friction between two surfaces 
each 14 cm. square is .3, find the force necessary to pro- 
duce motion when a screw holds them together with a force 
equal to 10 kgm. per square cm, If the surfaces are re- 
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duced to 14 cm. by 10 cm., what force will be required at 
the same pressure ? 

XXXIII. WORK AND ENERGY. 

Definitions. — Work; unit of work; foot-pound; kilogram-me- 
ter; foot-poundal; erg; energy; potential energy; kinetic energy; 
activity; horse-power; watt. 

Note.— The student is referred to §§ 15 and 16 for table of units 
of force and work. 

1. How much work is done in lifting 100 lbs. 1 ft. ? how 
much in lifting it 3 ft. ? How much in lifting 200 lbs. 
4ft.? 

2. A man pulls a car weighing 300 lbs. up a track till it 
is 10 ft. higher than it was at first. How much work has 
he done ? 

3. A rope 12 ft. long sustains a mass of 150 lbs. How 
much work is it performing ? 

4. A mass of 8 kgm. is lifted to the top of a tower 50 m. 
high. How much work is done upon it ? 

5. How much work will a mass of 70 kgm. do in falling 
from a height of four meters ? 

6. Through what height must a gram be lifted in order 
that 2 kilogram-meters of work may be done upon it ? 

7. A cart moves on a road when a force of 700 lbs. is 
applied to it. How much work does a horse do in drawing 
the cart a quarter of a mile ? 

8. If the force of one poundal acts through 15 ft., how 
many units of work are done ? 

9. If a force of 20 dynes acts through 5.2 m., how much 
work is done ? 

10. A certain force lifts a mass of 50 gm. 30 cm. against 
gravity. Express the value of the work done in gm.-cm. 
and also in ergs. 

11. A block whose weight is 2 kgm. is drawn 10 cm. 



MECHANICS OF SOLIDS, 77 

along a horizontal surface when the coefficient of friction 
is £. Find the force in dynes required and the work per- 
formed in ergs. 

12. A body weighing 96 kgm. rests on an incline. How 
much work must be done in drawing the body 250 cm. up 
the incline when the vertical ascent is 1 meter and the co- 
efficient of friction ^? 

13. A rectangular block of metal weighing 500 lbs. has 
its centre of gravity \ foot above the surface on which it 
rests when the block rests on a side. When the block rests 
on an end the centre of gravity is 3£ ft. above the surface. 
Find the work done in changing from one position to the 
other. 

14. A force of 7 kgm. is needed to draw a car up a 
smooth incline 2 m. long when the force is applied in a 
line parallel to the incline. If the force is applied hori- 
zontally it must be equal to 8 kgm. Compare the work 
done in the two cases. 

15. Find the ratio of the base of the incline (in Prob. 14) 
to the length of the slope. 

16. Find the weight of the car. (Prob. 14.) 

17. A machine lifts 100 kgm. of grain 3 meters in a 
minute. How much work is done in an hour ? 

18. 1200 ergs of work are available. What force can be 
resisted through 6 meters ? 

19. Keduce 30 ergs to kilogram-meters. 

20. Eeduce 20 ft. -lbs. to ft.-poundals. 

21. A wheel to which a force is applied, tending to turn 
it, can be held still by a force of 20 lbs. applied tangen- 
tially at its rim. The wheel is 3 ft. in diameter. Find 
the work done in 10 revolutions of the wheel. 

22. How many ergs of work will a weight of 2 kgm. do 
in falling from a height of 10 meters ? 

23. A car weighing 100 lbs. is drawn up an incline which 
rises 3 ft. for everv 15 ft. of track. If the coefficient of 
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friction is -gV, find the work done in moving the car 20 ft. 
along the track. 

24. A body consists of two masses weighing respectively 
40 and 100 gm., connected by a straight weightless rod one 
meter long. Find the work done in tilting the rod from a 
horizontal to a vertical position. (The masses are sup- 
posed to be concentrated at the extremities of the rod.) 

25. A uniform rectangular block weighs 360 gm. and 
measures 10 by 12 by 30 cm. Find the work done in tilt- 
ing it from a position of resting on one of its smallest sur- 
faces to resting on one of its largest surfaces. 

26. Which is doing the most work — a man who carries a 
ton of coal to a height of 30 ft. in an hour, or a man who 
carries half a ton up 120 ft. in two hours ? 

27. How much energy and of what kind has a mass of 
100 lbs. at a height of 2 ft.? 

28. A stone weighing 5 kgm. is thrown with a velocity 
of 4 meters per second. Express its kinetic energy both 
in ergs and in gravitation units. 

29. How many units of kinetic energy does a mass of 1 
gm. acquire by falling one second? 

30. A stone weighing 5 kgm. is thrown upwards with a 
velocity of 980 cm. per second. Find (a) how long it will 
rise; (t) how far it will rise; (c) what its energy is at 
starting; (d) what its energy is half-way up ; (e) what its 
energy is at highest point; (/) what its energy is half-way 
down. 

31. A hammer weighing 90 lbs. strikes an anvil with a 
velocity of 10 ft. per second. How many pounds weight 
would the blow raise through 15 ft. if none of the energy 
of the blow were lost in heat and other unavailable 
forms ? 

32. A cannon-ball weighing 80 kgm. is moving at the 
rate of 750 meters per second. How much energy does it 
possess ? 



Mechanics of solids. Y9 

33. How far will it compress a spring which requires a 
force of 900 kgm. to shorten it 1 cm. ? 

34. Express clearly the difference of meaning between 
energy and activity, and illustrate your answer by the case 
of a man lifting a weight. 

35. What is the activity per second of a motive power 
which can do 33,000 ft.-lbs. of work in one minute ? 
(Note. — This particular activity is called "a horse- 
power.") 

36. If "one horse-power " is the ability to lift 550 lbs. 
1 ft. in one second, what is the horse-power of a hoisting- 
engine which can draw a weight of 1200 lbs. to a height 
of 30 ft. in 4 seconds ? 

37. If a watt is the activity manifested by doing 10 
million ergs of work per second, of how many watts is an 
electric motor which can raise 2000 kgm. 3 meters in 2£ 
seconds ? 

38. A force of 2000 dynes acting through a space of 120 
cm. in one second furnishes an activity of how many ergs 
per second ? — of how many watts ? 

39. Through how many cm. per second must a force of 
500,000 dynes act to furnish an activity of 4 watts ? 

40. In what time must 1000 ft.-lbs. of work be per- 
formed to furnish an activity of i horse-power ? 

XXXIV. SIMPLE MACHINES. 

Definitions. — Machine; lever; compound leyer; wheel and 
axle ; pulley ; inclined plane ; wedge ; screw ; " mechanical ad- 
vantage." 

Levers : Simple and Compound. — 1. The arms of a lever 
on opposite sides of the fulcrum are 1 ft. and 2 ft. long 
respectively. What force at the end of the longer arm 
will balance a force of 20 lbs. at the end of the shorter 
arm ? 
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If a force just sufficient to produce motion be applied 
at the end of the longer arm and move that end one inch, 
how far will the 20 lbs. weight be moved ? 

2. In an ordinary wheelbarrow, suppose the centre of 
gravity of the load to be 2 ft. from the axle of the wheel, 
and the hands of the user 4 J ft. from the axle. How 
great a load can a man lift by this arrangement if he can 
exert a force of 175 lbs. ? 

3. A lever is arranged so that one end works a ratchet- 
wheel when the other is moved back and forth. How 
great a force can be exerted on the wheel by a man who 
pulls the other end of the lever with a force of 40 kgm. if 
the power-arm is five times as long as the resistance- 
arm? 

4. Draw a diagram to show — 

(a) The relation existing in the case of a simple lever 
between the magnitudes of power -arm, resistance-arm, 
power, and weight. 

(b) The distance the power moves and the distance the 
weight moves. 

5. Draw a diagram to show how a simple lever may be 
used to exert ten times the pressure at one end that is ap- 
plied to the other end. 

6. In a certain machine a force of 20 kgm. moving 5 cm. 
is found to be able to move a weight 25 cm. How great 
fe the weight moved ? 

7. How heavy a stone could a man who could push 
down with a force of 150 lbs. lift with a crowbar six feet 
long if the fulcrum were one foot from the stone ? 

8. It is found that when a force of just 10 kgm. is ap- 
plied to one end of an equal-armed lever hung on a pivot 
it will lift a weight of 9.75 kgm. at the other end. Ex- 
plain how this is possible. 

9. A compound lever has arms as follows: AB = 2 ft., 
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BC= 1 ft., CD = \ ft, DE=\\ ft., EF=\ ft, F0=% ft., 

A B G r — * E F <? *-f 

j_ *— J— B C j ' h. 

Fig. 32. 

GH=i ft., .#7= i ft. How great a weight at W will 
balance 360 lbs. at P ? 

10. A displacement of 1 inch at P will cause what dis- 
placement at W ? 

11. What mechanical advantage is gained by using a 
lever whose power-arm is 20 ft. and weight-arm 2 ft. ? 
What gain in work can be effected by its use ? 

12. In the construction of a certain machine it is de- 
sired that a motion through 2 cm. at one point should 
cause a movement of 18 cm. at a point 3 m. distant. How 
could this be accomplished by a lever, and where would 
the fulcrum be placed ? State also how the force applied 
at the first point must compare with the resistance at the 
second. 

13. Fig. 33 represents in diagram the common steel-yard 
for weighing. 8 is the point of suspension, W the object 
to be weighed, hung at the 



point R 9 and F a movable ■ A Q I I 8 B i 

weight by which a balance T J^ 

may be obtained. Let W 

be 100 lbs. and let SR be A 

1.5 inches. Where must „ M . w 

Fia. 83. 

F y which weighs 1 lb., be 

placed to balance W if the lever alone just balances when 

both weights are removed ? 

14. Kepeat for W= 20 lbs.; for I lb. 

15. Repeat all the computations of Probs. 13 and 14 if 
the lever weighs 4 lbs. and its centre of gravity is at G, 
2 inches to left of S. 

WJieel and Axle. — 16. The axle of a wheel is 3 inches in 
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diameter and the wheel itself 24 inches. What force tan- 
gent to the circumference of the wheel will resist a force 
of 90 lbs. tangent to the circumference of the axle ? 

17. What distance must a point on the circumference of 
the wheel of Prob. 16 travel to raise the weight attached to 
a rope wound on the axle through 10 ft. ? 

18. Two wheels A and B have a 
common axis. The radius of A is 
8 cm. and of B 20 cm. If a force of 
100 kgm. be applied to the rope at P, 
what weight will it support on the 
rope W y disregarding the diameter of 
the ropes and the effect of friction. 

19. In Prob. 18, if a length of rope 
equal to the circumference of the 
larger wheel be unwound off by P, 
how many centimeters will W be 

lifted ? Express the amount of work done by P and the 
amount done upon W. 

20. What must be the diameter of the axle in the dia- 
gram of Prob. 18 if a force of 2 kgm. at P is to support 
400 kgm. at W? Let the radius of the larger wheel be 
still 20 cm. 

21. The radii of the wheels shown in the diagram are 




Fio. 34. 




Fia. 35. 



as follows: A 5, B 4, C 3, and D 2 cm. If a force of 360 
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gm. be applied at P in the direction shown by the arrow- 
head, and if there be no loss by friction or slipping — 

(a) What force tangentially applied to D will be re- 
sisted ? 

(b) What will be the direction of the force at D ? 

(c) State the mechanical advantage of the device. 

(d) How many revolutions will be made by D for each 
complete revolution of A ? 

22. In the diagram of Prob. 21 suppose a force of 60 gm. 
directly downwards be applied at the point E on the cir- 
cumference of By what forces will be resisted at the cir- 
cumferences of D and A, and how many revolutions will 
D and A make for each revolution of B ? 

23. The diagram (Fig. 36) represents a train of geared 
wheels (the cogs are not shown). Wheel 1 has 100 cogs on 




Fia. 36. 

its circumference; wheel 2 has 30; wheel 3 has 120; wheel 
4 has 20; and wheel 5 has 80. 

(a) If wheel 1 makes two revolutions per minute, how 
many will wheel 5 make ? 

(b) What tangent force on 1 will resist a tangent force 
of 1800 gm. on 5 ? 
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(c) How many revolutions per second must 5 make in 
order that 1 may turn completely round once each hour ? 

Pulleys. — 24. What mechanical advantage is gained by 
using a single pulley to lift a weight ? 

24. What force at P (Fig. 37) wiU support a weight of 
one ton at W? (The effect of friction may be disre- 
garded.) 





Fig. 38. 



25. How far must P move to lift W one foot, and how 
much work is done if W is one ton ? 

26. If the lower pulley weighs 2 lbs., what force at P 
will support 40 lbs. hung at W ? 

27. In Fig. 38, disregarding the weight of the pulleys, 
what weight at TTcan be held by a force of 20 kgm. at F? 

28. Answer the same if each movable pulley weighs i 
kgm. 

29. With the arrangement of pulleys shown in Fig. 39 
what weight at W can be supported by a force of 1 kgm. at 
F if the weight of the movable pulley be disregarded ? 
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30. How much rope must be drawn through at F to 
raise TTone centimeter? 

31. Draw a diagram similar to Fig. 39, but having three 
fixed and two movable pulleys, and state the mechanical 
advantage thus secured. 

32. In Fig. 40 what weight at W can be held by 1 kgm. 
ztF? 





33. How many times as far as W must F move by this 
arrangement ? 

34. Draw a diagram similar to Fig. 40, but having only 
two pulleys in each group, and state the mechanical ad- 
vantage obtained. 

Note.— Fig. 41 represents in diagram what is called a Differ- 
ential or Chinese Windlass, The rope is wound in one direction 
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about the larger wheel E y passes round the pulley H, and is then 
wound in the opposite direction about the smaller wheel Fon the 




Fig. 41. 

same axis as E. When the handle BC is turned, the rope is 
wound on one wheel and off the other. 

35. What tension is there on the portions of the rope D 
and G when W= 100 kgm.? 

36. If E has a radius three times as large as F, how 
much will JFbe raised when 12 feet more of rope are wound 
upon E ? 

37. If the crank-arm AB is one and one half times the 
radius of E and four times that of F, what mechanical ad- 
vantage is gained by the use of this machine ? 

Inclined Plane. — 38. How much work is done in draw- 
ing a cart weighing 100 kgm. up an inclined plane so that 
the cart may be 1 m. higher than its starting-point ? 

39. It is found that a force of 2 kgm. is required to draw 
a box up a sloping board. If the box weighs 50 kgm., how 
much work is done by drawing it 3 m. up the incline ? 

40. O (Fig. 42) is an object resting on a frictionless 
inclined plane ABC. OW represents the weight of the 
block O. Eesolve O W into two components, one parallel 
to ^Cand one perpendicular to AC. 

41. If W (Fig. 42) = 5 kgm., and its component per- 
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pendicular to A C is $ of that parallel to A C 9 find the 
amount of each component. 

42. Resolve W (Fig. 42) into a component parallel to 
BC and one perpendicular to AC. 




43. What proportion must be true between the weight 
of the block (Fig. 43), the force to prevent motion OF, 
and the dimensions of the inclined plane ABC? 

44. If OF is the force necessary to prevent the block 
(Fig. 43) from sliding down the frictionless incline AC, 




Fig. 48. 

express the work done by OF in moving the block from C 
to A. 

45. Resolve OF into a component OF perpendicular to 
A C (pressure component) and a component OH parallel to 
BC, and show how the work done by OH in moving the 
block from C to A may be computed. 

a* o v , OH AB 

46. Prove by geometry -^ = ^. 

47. What force parallel to the base of an incline is re- 
quired to hold a cart weighing 5 kgm. if the slope of the 
incline is 3 m. and the base 2 m, long ? 
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48. A porter who can exert a posh of 150 lbs. has to roll 
a cask weighing 400 lbs. np a board 12 ft. long. How 
high can the upper end of the board be that he may just 
do so ? 

49. A car weighing 600 lbs. is held at rest on a fric- 
tionless incline by a force of 90 lbs. parallel to the" incline. 
What is the ratio of the height of the incline to its length? 

50. What mechanical advantage is gained by using an 
incline whose height is \ its horizontal length ? 

51. A plank rests with one end on the ground and the 
other 2 ft. higher. If the plank is 14 ft. long, what force 
is required to roll a barrel weighing 196 lbs. up the in- 
cline ? 

52. In the diagram, Fig. 42, if O weighs 360 lbs., A C r = 
13 ft., BC = 12 ft., BA = 5 ft, what force is required to 
keep at rest if there is no friction — 

(a) When the force is parallel to AC? 

(b) " " " " " " BO? 

(c) « " " " " " BA? 

53. Eesolve OF {Fig. 43) into components perpendicular 
to AC and parallel to BA, and state the proportion be- 
tween these components and the dimensions of the in- 
clined plane. 

Screw. — 54. The thread of a certain screw passes lound 
the core 10 times in each centimeter of length. How far 
will 170 turns lift a weight placed on the head of the 
screw ? 

55. The pitch of a screw is T V inch (i.e., the distance 
between two consecutive turns measured parallel to the 
axis of the screw). A wheel whose circumference is 3 ft. 
turns the screw. What pressure will be exerted at the end 
of the screw by a force of 1 lb. tangent to the rim of the 
wheel ? 

56. A screw whose pitch is 1 mm. is turned by a wheel 
10 cm. in radius. What force tangent to the rim of the 
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wheel must be used to overcome a force of 10 kgm. at the 
end of the screw ? 

57. Show that in Probs. 55 and 56 the product in each 
case of the moving power by the distance through which 
the power moves is equal to the resistance overcome mul- 
tiplied by its distance. 

58. Draw a diagram to show the action of a screw turned 
by a lever at right angles to its axis. 



CHAPTER VIL 
HEAT. 

XXXV. TEMPERATURE— THERMOMETERS. 

1. The scale of a certain thermometer is 180 mm. long 
between the freezing- and boiling-points of water. If it is 
graduated to C. scale, what is the length of one degree? 
Where will the 0° mark be ? 

2. What will be the length of one degree if it is gradu- 
ated to F. scale? How many mm. from the freezing-point 
of water will the zero mark be ? 

3. 15° C. equals how many degrees F. ? 

4. Which is the higher temperature, 10° C. or 10° F. ? 

5. Which is the lower temperature, 2° below zero F. or 
20° below zero C. ? 

6. Reduce 23° C. to Fahrenheit scale. 

7. Reduce 100° F. to Centigrade scale. 

For small variations of temperature above or below 100° O. a 
difference of pressure of 27 mm., as indicated by the barometer, 
causes a variation of 1° C. in the temperature at which water 
boils. Increase of pressure above 76 cm. raises the boiling-point; 
decrease of pressure lowers the boiling-point. 

8. At what temperature will water boil at a place or time 
where the barometer reads 74.2 cm. ? 

9. What is the error of a thermometer which with the 
barometer at 76 cm. gives the boiling-point of water as 
99.4° C? 

10. What is the error in a thermometer which with 

90 



HEAT. 91 

barometer at 74 cm. gives the boiling-point of water as 
98° C. ? 

All temperatures in problems hereafter may be understood to 
be in the CetUigrade scale. 

17. Linear Expansion of Solids— Definition.— Coefficient of 
linear expansion. 

Given the length I of a solid bar at temperature t, to find the 
length V due to an increase of temperature to V we use the fol- 
lowing formula: 

l' = l{l + k(t'-t)}, 

where k is the coefficient of linear expansion for the solid. 

The student should be able to explain the meaning of this for- 
mula and how the coefficient may be obtained by an experiment. 

If e is the elongation due to a rise of temperature from t to f, 
then 

K ~ l(t'-t)' 

18. The Coefficients of linear expansion for 1° between 0° and 
100° are given below for several metals and for glass. The coef- 
ficients of cubical expansion are also given, and are equal to 
three times the linear coefficients. 

Linear. Cubical. 

Iron 000012 .000036 

Steel 000011+ .000034 

Copper 000017 .000051 

Brass 000018+ .000057 

Gold 000015- .000044 

Silver 000019+ .000058 

Mercury .000180 

Glass 000008 .000025 

XXXVI. EXPANSION. 

1. The length of a brass rod at 20° is 50 cm. Its length 
at 60° is found by experiment to be 50.036 cm. How much 
has the whole rod expanded for each degree of increased 
temperature ? 
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2. How mtich has each cm. of the rod expanded for each 
degree of increased temperature ? 

3. Express the ratio of the elongation of the whole rod 
to its first length and reduce to a decimal fraction. How 
does the result compare with the result of Prob. 2 ? 

Note.— The ratio described in Prob. 3 is called the Coefficient 
of Linear Expansion for this solid, brass. Similar coefficients for 
other solids are given in § 18. 

4. A rod of steel at a certain temperature is 20 cm. long. 
How much will it expand if its temperature is raised 100° ? 

5. What will be its new length ? 

6. The length of a silver bar at 23° is 1. What will be 
its length at 33° ? 

7. Two rods, one of iron and one of brass, are each ex- 
actly 1 m» long at 0°. Which will be the longer at 50° ? 

8. Find length of each at 50°. 

9. A barometer column is 75 cm. long at 0°. How long 
will it be at 25° if all other conditions remain unchanged ? 

Note. — Why should the coefficient for cubical expansion be 
used here rather than for linear ? 

10. An experiment to determine the coefficient of linear 
expansion of a certain metal rod gave the following data : 
First length, 60 cm. ; second length, 60.079 cm. First tem- 
perature, 23°; second temperature, 100°. Find the coeffi- 
cient of linear expansion (k) and decide from an inspection 
of table of coefficients what the metal may have been. 

11. A glass rod is 75 cm. long at 23°. To what temper- 
ature must it be raised to be 75.048 cm. long? 

12. A wheel is 3 m. in circumference. An iron rim or 
tire is 2.993 m. round its inner side at temperature 20°. 
To what temperature must the tire be heated so that it 
will just slip on the wheel ? 

13. Two walls which when perpendicular are 30 ft. apart 
have bulged out to the extent of 2.4 inches. They are to 
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be made perpendicular by the contraction of an iron bar. 
How many degrees must its temperature be raised above 
that of the air, which is taken at 0° ? (Ganot.) 

14. Fig. 44 represents a simple form of compensation 
pendulum. The five dark-shaded rods are 

of steel. The lighter-shaded rods are of 
brass. The outer pair of steel rods are 
60 cm. long; the next pair of steel rods 
are 55 cm. long. The outer pair of brass 
rods are 57 cm. long, and the inner pair 
53 cm. long. How long must the central 
steel rod be to cause the length from A to 
B to remain the same at all temperatures ? 

15. An iron bar was carefully measured 
with a brass meter rod when both were at I 
temperature 15° C. and appeared to be 
1500 cm. long. But the meter was cor- 
rectly graduated at 25° C. Eequired correct length of the 
iron bar at 15° C. 

16. A certain steel wire 16 ft. long may be stretched ^ 
inch by a force of 2 lbs. What weight may be raised by 
16 ft. of the same wire while cooling from 90° to ? 

17. Which of the materials whose coefficients are given 
on page 91 would require the most force to lengthen a 
given amount ? Assume that equal shapes and masses of 
each are tested. 

18. A thermometer contains 1.5 cu. cm. of mercury 
which at 0° C. just fills the bulb. What per cent of the 
whole mass of mercury will pass into the stem when the 
thermometer is plunged into water at 80° C. ? 



a 
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XXXVII. SPECIFIC HEAT. 

Definitions. — Thermal unit ; thermal capacity ; calorie ; ther- 
mometry ; specific heat ; water-equivalent of a vessel. 

1. How many units of heat are needed to raise the tem- 
perature of 50 gm. of water from 10° to 100° ? 

2. How many units to raise the temperature of 1 kgm. 
of water from — 15° to the boiling-point ? 

3. How many thermal units are set free in cooling 600 
gm. of water from 90° to the freezing-point ? 

4. How many thermal units are needed in raising the 
temperature of 5 lbs. of water from 32° Fahrenheit to 60° 
Fahrenheit ? What is the name of these units ? 

5. How many units of heat are required to heat a cubic 
foot of water one degree centigrade ? 

6. What is the specific heat of a substance if the same 
amount of heat is needed to raise the temperature of 30 
gm. of it from 80° to 90° as is needed to raise 10 gm. of 
water from 90° to 100° ? 

7. What is the specific heat of a substance if a certain 
amount of heat raises the temperature of 2 lbs. of it 10 
degrees, while the same amount will raise the temperature 
of 2 lbs. of water only 2 degrees ? 

8. What is the specific heat of a material when equal 
amounts of heat are employed in heating 16 lbs. of the 
material 15 degrees and in heating 10 lbs. of water .74 
degrees ? 

9. Equal weights of water and alcohol are exposed to 
equal sources of heat. The temperature of the alcohol is 
raised 10° in 50 seconds and the temperature of the water 
is raised an equal amount in 99 seconds. Find Sp. heat of 
alcohol. 

10. An experiment to find the Sp. heat of mercury fur- 
nished the following data: 
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Mass of mercury 80 gm. 

Temperature of mercury 98° C. 

Water and calorimeter were equal to 112 gm. of water. 
Temperature of water and calorim- 
eter 10° C. 

The mercury and water were thoroughly stirred together, 
and the temperature of the mixture became 12°. Find Sp. 
heat of mercury. (Day.) 

11. A thermometric experiment was performed by use 
of a vessel of brass weighing 125 gm. During the experi- 
ment the temperature of the vessel changed from — 10° to 
+ 2°. How many heat-units were thus absorbed ? (Sp. 
heat of brass = .094.) 

12. How many grams of water would have taken the 
same amount of heat as the brass vessel in Prob. 11 ? 

13. How many heat-units are required to raise 8 kgm. 
of iron (Sp. heat .114) from 5° to 155° ? 

14. 50 gm. of water at 60° are mixed with 50 gm. of 
water at 88°. If no heat is lost in the operation what will 
be the temperature of the 100 gm. ? 

15. One hundred gm. of water at 100° are mixed with 
20 gm. of water at 70°. If there is no loss of heat and the 
temperature of the mixture is x degrees, find— first, an ex- 
pression for the heat set free by lowering the temperature 
of the first mass of water; also, second, an expression for 
the heat gained by the second mass of water; and third, 
by equating these two, find value of x. 

16. In the preceding problem suppose the 100 gm. to be 
of a liquid whose Sp. heat is .505 ; answer the same ques- 
tions for this mixture. 

17. A calorimeter contains 400 gm. of water at 10°, and 
after 24.5 gm. of water at 80° have been added, the final 
temperature of the mixture is 14°. Find the water-equiva- 
lent of the calorimeter. (Day.) 
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Suggestion. — Let q represent the water-equivalent, that 
is, the number of grams of water having the same thermal 
capacity as the metal vessel. Then the mass which was 
heated equalled (400 + g) gm. of water. 

18. 354 gm. of water at 25° are contained in a calorim- 
eter whose water-equivalent is 6 gm. Five gm. of copper 
(Sp. heat .095) at 210° are dropped into the water. Find 
resulting temperature. 

XXXVIII. LATENT HEAT. 

Definitions.— Melting-point; fusion; solidification; latent 
heat of fusion ; vaporization ; condensation ; latent heat of 
vaporization ; distillation. 

Note. — In the following problems the latent heat of melting 
for water may be taken as 80 thermal units. 

The latent heat of vaporization for water may be taken as 537 
thermal units. 

1. How many thermal units are used in melting one 
kilogram of ice ? 

2. How many thermal units are required to melt 25 lbs. 
of ice ? 

3. How many thermal units are required to convert 500 
gm. of ice at 0° into water at 52° ? 

4. How many grams of ice at 0° can be melted by 20 
gm. of water at 100° ? 

5. How many grams of water at 90° are required to melt 
80 gm. of ice at 0° ? 

6. What must be the temperature of 600 gm. of water if 
it is to melt 225 gm. of ice at 0° ? 

7. What will be the temperature of the resulting water 
just as the last of the ice melts if 1200 gm. of water at 3° 
are poured upon 60 gm. of ice at 0° ? 

8. If 200 gm. of water at 35° are poured upon 70 gm. of 
ice at 0°, what will be the temperature of the water re- 
sulting ? 
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9. Will 800 gm. of water at 50° melt 600 gni. of ice at 0° ? 

10. If not, how much ice will remain when the water 
reaches the temperature 0° ? 

11. Find the temperature of the water resulting from 
pouring 3600 gm. of water at 100° upon 2160 gm. of ice 
at 0° ? 

12. A calorimeter whose water equivalent is 5 contains 
95 gm. of water at 50°. Into it are poured 40 gm. of 
crushed ice at 0°. The temperature as the last of the ice 
melts is 12°.8. Find from these data the latent heat of 
fusion for water. 

13. How much ice must be added to 5 kgm. of water at 
60° in order that the temperature when the ice is melted 
may be 50° ? 

14. Into a calorimeter containing 174 gm. water at 60° 
are put 72 gm. of ice at 0°, with the result that the tem- 
perature as the last of the ice melts is 20°. Find water- 
equivalent of the calorimeter. 

15. How many thermal units are required to transform 
into steam 500 gm. of water at 100° ? How many if the 
water be at 20° ? 

16. Which requires the greater expenditure of heat 
energy — to melt 6.7 kgm. of ice at 0° or to vaporize 1 kgm. 
of water at 100° ? 

17. A steam-radiator contains 45 gm. of steam at 100°. 
How many heat-units are set free by transforming the 
steam into water at 90° ? 

18. An experiment to find the latent heat of steam gave 
the following data: 

Water-equiv. of calorimeter 2.5 gm. 

Mass water at 23.5° 300.0 gm. 

Mass of steam condensed in the water. 15.6 gm. 

Temperature resulting 53.5° 

Find latent heat of steam. 
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19. 18 kgm. of water in the form of steam at 100° is 
passed through a metal coil and there is changed into 
water at the temperature of 98°. How many kgm. of 
water will this process raise from 10° to 90° if the water is 
allowed to surronnd the steam-coil and there is no loss 
from radiation or other sources ? 

20. How many grams of steam at 100° must he con- 
densed in 1 kgm. of water to raise the temperature of the 
water ten degrees ? 

21. The temperature of the injection-water of a con- 
densing engine is 15°. The steam enters the condenser at 
the temperature of 100° and the water pumped out of the 
condenser is at 40°. What quantity of injection-water 
must be supplied for each pound of steam that enters the 
condenser? (Day.) 

22. How much heat is required to change 100 gm. of ice 
at0° into steam at 100°? 

23. Compare the amounts of heat needed to convert 15 
lbs. of ice at 0° into water at 14° and to convert 5 lbs. of 
water at 73° into steam at 100°. 

24. 2.5 gm. of steam at 100° are condensed in 95 gm. of 
water at 52°. Find temperature of mixture. 

25. If one kgm. of coal in burning yields 7000 units of 
heat, and if the latent heat of melting for water is 80, how 
many kgm. of ice, taken at 0° C, may be melted and 
raised to 20° C. by burning 1 kgm. of coal? (Harvard 
Exam.) 

26. Define latent heat of fusion of ice, and show how 
its numerical value may be found from the fact that when 
equal weights of boiling water and melting ice are mixed 
the ice all melts and the resulting temperature is 10°. 

27. How much snow at 0° must be added to 30 gm. of 
alcohol (Sp. heat of alcohol .67) at 5° to reduce its tempera- 
ture to 0° ? 

28. One pound of coal when burned gives out 8000 heat- 
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units. How many pounds of steam at 100° will it produce 
from water at 100° ? 

29. How many units of heat are required to convert 5 
lbs. of ice (Sp. heat of ice .505) at — 8° into steam at 100° ? 

30. How many pounds of iron (Sp. heat .112) at 400° are 
required to melt 3 lbs. of ice at 0° ? 

31. How much heat will be set free by condensing 200 
gm. of steam at 100°, cooling the water to 0°, freezing it, 
and finally chilling it to — 8° ? (Sp. heat of ice .505.) 

32. 70 gm. of steam at 100° are condensed in 1 kgm. of 
mercury at 10°. (Sp. heat of mercury .033.) Find the 
temperature of the mixture. 

33. From the following data find the amount of heat 
involved in changing 10 gm. of solid mercury at —38.8 
into the vapor of mercury: 

Melting-point of mercury — 38.800 

Latent heat of fusion 2.820 

Latent heat of vaporization 62.000 

Specific heat .033 

19. Boiling-point — Definitions. — Boiling-point; maximum 
pressure of a vapor ; saturated vapor. 

Pure water in an open vessel, when the barometer stands at 
760 mm., boils at the temperature 100° O. 

Decrease of pressure (as shown by barometer) lowers the boiling- 
point. 

Increase of pressure raises it. 

For small variations in temperature above and below 100° a 
change of 27 mm. barometric pressure produces a change of 1° C. 
in the boiling-point of water. 

XXXIX. BOILING. 

1. What is the temperature of steam when the barometer 
pressure is 742 mm. ? 

2. What is the temperature of steam when the barometer 
pressure is 775 mm. ? 
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3. What was the barometer pressure on a day when water 
in an open vessel boiled at the temperature 98.1° ? 

4. Water in a closed vessel boiled at the temperature 
102°. What was the pressure of the steam formed ? 

5. If the annual range of pressure at a certain place is 
from 72 cm. to 76.5 cm. what is the annual variation in the 
boiling-point ? 

6. State a formula for finding the temperature of steam 
at any time and place when the atmospheric pressure is 
given. (Note. — Such a formula will hold good only for 
small variations of temperature above and below 100°.) 

7. Find the error of a thermometer which gives the 
boiling-point of water as 98° when the barometer stands at 
75 cm. 

8. A pressure of 14.7 lbs. to the square inch is equivalent 
to a pressure of 76 cm. of mercury. What is the pressure 
in cm. of mercury of the steam formed in a closed vessel 
containing water above which is air compressed to a tension 
of 40 lbs. to the square inch ? 

20. Expansion of Gases— Definitions.— Boyle's Law for press- 
ure and volume ; Law of Charles, stating behavior of different 
gases ; coefficient of increase of volume, coefficient of increase of 
pressure. 

The coefficient of increase of pressure of a gas due to rise in 
temperature at constant volume is .00366 or gfa. 

The coefficient of increase of volume of a gas due to rise in 
temperature at constant pressure is .00366 or yfy. 

Very careful experiments do not give exactly the same value 
for these two coefficients, but the difference is so small that it may 
in general be disregarded. 

For problems on the changes of volume in a gas due to changes 
of pressure and vice-versa see § 10 (Boyle's Law). 

To derive the formulae for volume and temperature, and for 
pressure and temperature, we may proceed as follows : 

Let Vo be the volume of gas at 0°; 
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a be the coefficient of increase of volume or of pressure 
= .0036 + or Tfa. 
Then Vi = Fo(l + at x ) ; 

F, = Vo(l + at*). 

Divide the first of these equations by the second ; then 



or 



Vi \+at x 1 + 273 




V% ~ 1 + at* ~~ W 
+ 273 




V, 273 + 1, 
V a 273 + W 


{Formula I.) 



By means of this formula, if we have given the volume Vi of a 
body of gas at the temperature U we may find what volume (Fa) 
it will have at the temperature t%\ or in general if any three of 
the four varying quantities of the formula are given we may find 
the fourth. 

A similar formula will give the relation between changes of 
pressure and changes of temperature by merely writing pressures 
for volumes ; thus, 

These two formulae may be united into one which is of itself 
sufficient to solve all problems involving changes of volume, 
pressure, and temperature, as follows : 

Vi 2 73 + *i 
Fa 273 + * a ' 

that is, the volume varies directly as the " absolute temperature." 
But, by Boyle's Law, 

F, = P 9 
F, P/ 

Therefore, since the volume varies with two conditions separately, 
it varies as their product. Hence 

_F = 273 + U Pa . 
F. 273 + U X Pi ' 
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or, by dividing by -^, we have the most convenient form of the 

Pi 
equation, 

VxP, 273 + ti 

V 9 P a " 273 + U 



(Formula III) 



Note.— The student should notice carefully the different 
method of using the coefficients for gases from that employed 
with the coefficient of expansion of a solid on page 91. 

XL. EXPANSION OF CASES. 

1. 100 cu. cm. of air at temperature 30° is heated till its 
temperature becomes 50°. If the pressure is kept un- 
changed what will be its volume at the latter tempera- 
ture ? 

2. One cubic foot of air at 10° is enclosed in a box and 
sealed in. It is then heated to 60°. If its pressure at 
first was equal to 76 cm. of mercury what will it become 
at 60° ? 

3. A body of air occupies one liter at temperature 15° 
and pressure of one atmosphere. What will be its volume 
at 35° and same pressure ? 

4. In preceding problem if the pressure is changed at 
the same time from one atmosphere to five, what will be 
the second volume ? 

5. Through how many degrees must 200 cu. cm. of oxy- 
gen be heated to double its volume at same pressure ? 

6. Through how many degrees have 500 cu. in. of air at 
90° been heated since its volume was 400 cu. in. ? 

7. A closed vessel containing air has a barometer so ad- 
justed as to indicate the pressure within. At the begin- 
ning of the experiment the temperature is 20° and the 
barometer stands at 76 cm. What will be the indicated 
pressure when the whole vessel is plunged in a bath of ice 
and water ? 

8. The volume of a certain mass of air at the tempera- 
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ture 50° was found to be 101,18 cu. in. Its volume at 0° 
was 100°. Find from these figures the value of the coeffi- 
cient of expansion for air. 

9. The pressure on the sides of a balloon filled with hy- 
drogen is equal to 10 lbs. per square foot when the tem- 
perature is 20°. The balloon rises into air whose tem- 
perature is — 5. What will be* the pressure at this time if 
the sides of the balloon are non-elastic ? 

10. A room contains 1728 cu. ft. of air at temperature 
30° when the pressure is the same as that out-of-doors. 
How much larger would the room have to be to contain 
the same air at same pressure when the temperature has 
become 55° ? 

11. The volume of a mass of oxygen is 300 cu. cm. at a 
certain temperature, but when the temperature has fallen 
to 9°.5 the volume is reduced to 290°.5 cu. cm. What was 
the original temperature ? (Jones.) 

12. To what temperature must a volume of air, a, at 0° 
be raised in order that its volume at the same pressure 
may be 2a ? 

13. A closed vessel contains 100 gm. of air at the tem- 
perature 200°. What will be the weight of the air it will 
hold at the same pressure, but at the temperature — 10° ? 

14. A certain volume of air is heated through 100°. 
How many per cent must the pressure be increased in 
order to maintain the same volume ? 

15. Twenty centimeters at one closed end of a glass tube 
contains dry air at the temperature 20°. The other and 
open end of the tube is plunged vertically into mercury so 
that the mercury stands 2 cm. higher in the tube than 
outside. The barometer stands at 75 cm. The enclosed 
air is now heated till the mercury is 2 cm. lower in the 
tube than in the well. Find the temperature of the air at 
this time. 

16. To what temperature must a body of gas be cooled 
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that its volume may become zero ? Explain the meaning 
of this indicated process. 

2L Thermodynamics — Mechanical Equivalent of Heat. — 

Joule found that the production of a given amount of heat- 
energy required the expenditure of a definite amount of mechan- 
ical energy. The numerical relation of heat-energy and mechan- 
ical energy is shown in the following table of the mechanical 
equivalents of heat for the English and metric systems and for 
the two thermometric scales, Fahrenheit and Centigrade : 

To heat 1 gm. water 1° C. = 4.2 x 10 7 ergs. 
" " 1 kgm. " 1° C. = 424 kgm.-meters. 
" " lib. " 1°C. = 1400 ft.-lbs. 
" " 1 lb. " 1° C. = 1.91 x 10 10 ergs. 
" " lib. " 1° Fah. = 778 ft.-lbs. 

Also, the combustion of one unit weight of coal produces about 
8000 units of heat (Centigrade), i.e., 1 gm. produces 8000 gm.- 
degrees C, and 1 lb. produces 1 lb. -degree C. 

XLI. MECHANICAL EQUIVALENT OF HEAT. 

1. How far must a raindrop fall to be raised 1° C. in 
temperature by the energy of its motion ? 

2. How far must 2 lbs. of water fall to be heated 1° C. 
if all the energy of motion be transferred into heat in the 
water ? How far must 1 lb. fall ? 

3. An engine raises 2800 lbs. 10 ft. To how much heat- 
energy is the work done equivalent ? 

4. A mass of lead (Sp. heat .031) falls a distance of 100 
ft., and it is assumed that all the energy of motion is trans- 
formed into heat in the lead. What is the rise in tem- 
perature ? Does the rise depend on the mass of lead 
used ? Why ? 

5. Express in ft.-lbs. of energy the work done in heating 
one cubic ft. of water from 20° to 100° 0. and then chang- 
ing it into steam at 100°. 
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6. The specific heat of brass is .09. How far would a 
ball of brass have to fall to be heated 2° if all the energy 
went to heat the ball ? 

7. A tank contains 30 lbs. of water at 0°. Five pounds 
of iron (Sp. heat .11) fall into the water from a height of 
28 ft. If the iron is supposed to give up to the water all 
the heat generated by its fall, what will be the temperature 
of the water ? 

8. A block of ice weighing 1 lb. falls from a height of 
70 ft. What fraction of the ice could be melted by the 
heat developed by the fall ? 

9. What fraction of a degree, Centigrade, will the tem- 
perature of mercury be raised by falling 20 ft. ? (Sp. heat 
of mercury .033.) 

10. The energy of a moving body is measured in ergs by 

the formula, ergs = -^-, where m is the mass in grams and 

v the velocity in centimeters per second. Express in 
water-gram-degrees (O.) the heat which can be developed 
by a mass of 1 kgm. moving with a velocity of 420 m. per 
second. 

11. Reduce 8400 heat-units to ergs and find the velocity 
with which a one-gram mass must move to have the same 
energy. 

12. How many heat-units (water-lb.-degrees, C.) can be 
developed by suddenly stopping a mass of one ton moving 
410 ft. a second ? 

13. If the combustion of 1 lb. of coal should produce 
8000 water-lb.-degrees of heat, how much energy is de- 
veloped in a second in a boiler where 90 lbs. of coal are 
burned per hour ? 

14. To how many f t.-lbs. of work per second is this heat- 
energy equivalent ? How many horse-power ? (1 h.-p. = 
550 ft.-lbs. per second.) 

15. If the engine in which the steam from the boiler is 
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used raises one ton 20 ft. in one minute, what fraction of 
the total heat-energy developed does it use ? 

16. How many pounds of steam at 100° will be produced 
from water at 100° by the eombustion of 2 lbs. of coal ? 
(See Prob. 13.) 

17. A man whose weight is 150 lbs. walks up a staircase 
20 ft. high. How much heat-energy does he expend in 
doing so ? 



CHAPTEE IX. 

SOUND. 

Definitions. — Sound; wave; medium; vibration; condensation 
and rarefaction; period; wave-length; intensity; amplitude; pitch; 
fundamental; harmonic;" overtone; timbre; resonance; beats. 

XLII. VELOCITY OF SOUND. 

Note.— The velocity of sound in air at 0° may be taken as 332 
m., or 1090 ft. per second. 

1. How long will sound take to traverse a distance of 2 
kilometers ? 

2. A gun is fired at a certain distance from an observer. 
He finds that 4.1 seconds elapse between the flash and the 
report. Regarding the velocity of light for short dis- 
tances as practically infinite, how far away is the gun from 
the observer ? 

3. How may the distance of the place where a " flash of 
lightning " occurs be found by observing the interval be- 
tween the flash and the thunder following? Find how 
many miles may be estimated for each second of the in- 
terval. 

4. A person standing in front of a cliff finds that 1.2 
seconds elapse between a shout and its echo from the cliff. 
How far is he from the cliff ? 

Note. — For every degree (Centigrade) rise of temperature 
above 0° the velocity of sound in air increases about .6 m., or 2 ft. 
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5. What will be the velocity of sound in air (both met- 
ric and English units) when the temperature is 22° ? 

6. What is the temperature necessary to give the veloc- 
ity of sound a value of 350 m. ? 

7. An experiment to determine the velocity of sound in 
air at 0° gave the following data: The report of a pistol was 
heard at a distance of 512 m. 1.5 seconds after firing. 
Average temperature 15°. Find velocity of sound at 0°. 
Assume that it is known what effect the temperature has 
on the velocity. 

8. From the following data find what increase of veloc- 
ity in air is caused by a rise of one degree in temperature: 

Sound travels 1714 m. in 5 sec. at 18°. 
* " 1050 " 3 " 30°. 

22. The law for velocity of sound in any medium is found by 
experiment to be: The velocity varies directly as the square root 
of the elasticity of the medium and inversely as the square root 
of its density, or 

where V= velocity, E a number representing relative elasticity, 
and D a number representing relative density. 

9. If the velocity of sound in air is 332 m., what will it 
be in oxygen whose density is 1.105 ? Density of air 1.000. 

10. If the velocity of sound in air of density .00129 is 
332 m. per second, what will be the velocity in air whose 
density is .00258 ? 

11. Air is about 14.5 times as dense as hydrogen. Find 
the velocity of sound in hydrogen ? 

12. From the law given above show that the velocity of 
sound in air is not dependent upon barometric pressure. 

13. If a mass of air were confined in a closed vessel of 
constant volume, would changes of temperature affect the 
velocity of sound in it ? Illustrate your answer. 
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XLIII. WAVE-LENGTHS: VIBRATIONS. 

1. The velocity of sound being 335 m. per second, what 
is the wave-length of a tone produced by 256 vibrations 
per second ? 

2. How many vibrations per second are required to 
produce a tone having a wave-length of 75 cm. when the 
velocity of sound is 33,000 cm. per second ? 

3. How many vibrations per second will produce sound- 
waves 5 ft. long, the temperature being 0° C. ? 

4. A sound-wave may reach a point in a tube by two 
paths. When the two paths are 60 and 140 cm. long re- 
spectively the sound at the receiving point is at its mini- 
mum. Find (a) wave-length of the sound-waves, (b) the 
number of vibrations per second if the temperature at the 
time is 20° ? 

5. A tuning-fork making 396 vibrations per second is 
sounded at one opening of a tube having two passages 
leading to a second opening. If the shorter passage is 60 
cm. long, what must be the length of the other arm in 
order that no sound may be audible at the second open- 
ing? 

6. A tuning-fork is held at the mouth of a tube whose 
diameter is 4 cm. When a movable diaphragm is so adjusted 
as to make the length of the tube 30 cm. the maximum 
resonant effect is observed. Find the number of vibra- 
tions of the fork per second ? 

Note. — Allowance for the effect of the diameter of the tube 
may be made by adding to the observed length of the tube one 
fourth of its diameter and using the result as the effective length. 

7. What must be the length of a tube whose diameter is 
6 cm. to respond most loudly to a tuning-fork of 320 vi- 
brations per second ? 

8. A tuning-fork is held over a tall glass jar into which 
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water is gradually poured until the maximum reinforce- 
ment of the sound is produced. The length of the air- 
column is then found to be 52 cm. What is the vibration- 
number of the fork ? The diameter of the tube may be 
disregarded. 

9. A pendulum beating 150 times a second (single vibra- 
tions) and a tuning-fork are arranged so as to record their 
movements on a smoked glass. It is found that the line 
made by the fork indicates 176 double vibrations between 
each two cross-marks of the pendulum. Find rate of 
vibration of the fork. 

10. If the pendulum makes 90 single vibrations per sec- 
ond, how many vibrations will be recorded between two 
pendulum-marks by a fork whose rate of vibration is 256 ? 

23. Transverse Vibration of Strings. — The laws of vibration 
of strings may be summarized as follows : 
The vibration-number, n, varies — 

(a) Inversely as the length, L. 

(b) Directly as the square root of the tension, T. 

(c) Inversely as the diameter, d. 

(d) Inversely as the square root of the density, D. 



1 /f 
{Formula) n a j-jy ^- 



XLIV. VIBRATION OF STRINGS. 

1. Find the vibration-number of a string under stress of 
40 kgm. if it is 256 under 50 kgm. 

2. How long must a string be to have twice the rate of 
vibration of another similar string 1 m. long ? 

3. If a string whose length is 120 cm. vibrates 320 per 
second when under a tension of 60 kgm., what must be 
the tension of a wire of the same material and length, but 
whose diameter is two thirds that of the first, in order that 
it may have the same rate of vibration ? 

4. Taking the density of iron as 7.8 and that of brass as 
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8.5, what must be the relative lengths of a brass and an 
iron wire of equal size in order that they may have the 
same pitch under the same tension ? 

5. Find the ratio of rate of vibration of the following 
wires of the same material : 

No. 18 wire 120 cm. long, under tension of 64 kgm. ; 
No. 20 " 130 " " " " " 100 kgm. 

6. " Middle C " is the tone of 256 vibrations per second, 
and is produced by a wire 90 cm. long under a tension of 
81 kgm. What will be the length of a similar wire to give 
the pitch E = 320 under tension of 49 kgm. ? 

7. What change in diameter of a wire will exactly coun- 
terbalance the effect of doubling its length ? 

8. If a wire 110 cm. long gives " Middle 0," what must 
be its length to give the next octave higher and lower ? 

9. A sonometer wire is stretched by a force of 25 kgm. 
and sounds' the tone G (384 vibrations per sec). What 
must be the tension to cause the wire to sound C of 512 
vibrations per second ? 

10. It is desired to substitute a No. 10 wire for a No. 12 
wire in a certain instrument. What change in length 
must be made in order that, all the other conditions re- 
maining unchanged, the No. 10 wire may produce the 
same tone ? 

11. If the length of the No. 10 wire is kept the same as 
that of No. 12, what must be its tension compared to that 
of the No. 12 to keep the same tone ? 

12. Show that the laws (c) and (d) for the vibration of 
strings may be combined into one, as follows: (e) The 
number of vibrations varies inversely as the square root of 
the weight of the wire per unit length. 

Suggestion. — Find an expression for the weight per unit length 
in terms of the diameter, d, and density, D, and show what posi- 
tion in the formula it will occupy. 
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13. Find the vibration-numbers of the first three har- 
monics of a note whose fundamental vibration-number is 
256. 

14. The second harmonic of a certain note is found to 
correspond to 512 vibrations per second. Find rate of vi- 
bration of the fundamental. 

15. The third harmonics of two notes have the ratio ££. 
What is the ratio of their fundamentals ? 

16. A wire is stretched by a force of 4 kgm., and then 
has a vibration number for its fundamental note of 320. 
Calculate the rate of vibration of its first harmonic and 
also the rate of vibration of the fundamental and first har- 
monic when the tension is increased to 16 kgm. 

17. What is the ratio between the fourth overtone of a 
note whose fundamental is 256 and the third overtone of 
one whose fundamental is 320 ? 

18. What overtone of a note whose fundamental is 160 
has the same rate of vibration as the fourth overtone of a 
note whose fundamental is 384 ? 

24. Laws of Vibration of Air-columns. — (a) The vibration- 
numbers of air-columns vary inversely as their lengths. 

(5) The pitch of a closed pipe is an octave below that of the 
open pipe of the same length. 

(c) In a closed tube only those overtones are present whose vi- 
bration-numbers correspond to the odd multiples of that of the 
fundamental. In an open tube all the overtones corresponding 
to the fundamental may be present. 

XLV. VIBRATION OF AIR-COLUMNS. 

1. Draw diagrams to illustrate (a) vibration (fundamen- 
tal) in a closed tube and an open one of same length (b) 9 
fundamental in tubes twice as long as in (a). 

(c) Fundamental in closed tube and its first two over- 
tones. 

(d) Same in open tube. 
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2. If a pipe of length 5 ft. gives a note whose vibration- 
number is 54.5, what will be the vibration -number of a 
similar tube of length 7 ft. ? 

3. If a tube 5 ft. long gives a note whose vibration-num- 
ber is 54.5, find the length of tube to give a note whose 
vibration number is 162.5. 

4. A closed tube gives a note whose vibration-number is 
200. What will be the vibration-number of an open tube 
of similar dimensions ? 

5. In a closed tube the fundamental has a vibration- 
number of 512. Find vibration-numbers of the first three 
harmonics. 

6. The fundamental note of an open pipe has a vibration- 
number 256. Find vibration-numbers of first three har- 
monics. 

7. Taking the velocity of sound in air as 33300 cm. per 
second, find (a) the wave-length of a note of 435 vibrations; 
(b) length of open pipe to give this note; (c) length of 
closed pipe. 

8. How long should a closed tube be to respond to the 
note of a tuning-fork making 435 vibrations per second ? 
(No allowance being made for the diameter of the tubes.) 

9. Bepeat Prob. 8 for an open tube. 

XLVI. BEATS. 

1. How many beats per second are produced by two 
sounds of 200 and 204 vibrations per second respectively ? 

Note. — " Beats are explained by the principle of interference. 
As the wave-lengths of the two notes are slightly different, while 
the velocity of propagation is the same, the two systems of waves 
will, in some portions of their course, agree in phase, and thus 
strengthen each other; while in other parts they will be in oppo- 
site phase, and will thus destroy each other." (Deschanel.) 

For example, let one of the notes have 50 vibrations per second, 
and the other 52. The first will perform one vibration in -fa of a 
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second; the other in T V °* a second. The last will thus perform 
|f vibrations while the first is performing one. That is, the sec- 
ond will gain ^ °* a vibration for every vibration of the first. 
In 50 vibrations of the first, therefore, it will gain 50 x ^V or 2 
whole vibrations per second. That is, the second will " over- 
take" the first twice every second, and two beats therefore result 
It will be noticed that this number of beats will always equal the 
difference between the two vibration numbers. 

2. Two tones are sounded and produce 5 beats per sec- 
ond. One has a frequency of vibration of 435. What is 
the frequency of the other ? 

3. Show what harmonics of notes of 312 and 465 vibra- 
tions per second will with each other produce 6 beats per 
second. 

4. Explain why two tones of frequencies* 200 and 202 
produce beats and an unpleasant impression, while two 
tones of frequencies 256 and 384 are in consonance. 

XLVII. SCALES— INTERVALS. 

Definitions. — Scale; major diatonic scale; minor diatonic 
scale; interval; chromatic scale; minor and major second; minor 
and major third; fourth; fifth; major chord; minor chord. 
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Relative Vibration Numbers: 
24 27 30 32 36 40 45 48 

Vibration Ratios: 
1 * * * { I V 2 

" International pitch " assigns to At 435 vibrations per second 
as a standard. 

1. If At has 435 vibrations per second, compute the value 
of the other seven tones above. 
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2. If C* is 256 vibrations per second, find the rate of 
vibration of two other tones, such that C* : x : y = 4 : 5 : 6. 

Note. — The chord whose tones have the ratios described in 
Prob. 2 is called a major chord. 

3. Find vibration-numbers of a major chord whose third 
tone is 512. 

4. Show how the major diatonic scale may be built up 
upon C of 256 vibrations. 

5. What is the vibration-number of a tone two octaves 
below A 9 of 435 vibrations ? 

6. What is the vibration-number of a tone one octave 
above G of 384 vibrations ? 

7. Find the vibration -number of a tone which is the 
upper tone of a "major third " of which G (384) is the 
lower. 

8. If G % (256) is the lower note of a "fifth," what is the 
higher note ? 

9. If C A (512) is the higher note of a "fifth," what is the 
lower note ? 

10. Find the notes which form " major thirds " with E 
(320), A (426), and B (480) as their higher tones. 

11. What overtone of E (320) forms an interval of a 
"major third" with <7 4 (512) ? 



CHAPTEE X 

LIGHT. 

25. Diagrams for Problems in Light. —Many of the follow- 
ing problems are in the form of diagrams to be drawn by the 
pupil. For this purpose it is assumed that the student is already 
familiar with simple elementary plane geometry and the use of 
protractor, compasses, and ruler. 

All diagrams should be drawn with fine, sharp lines, and espe- 
cial attention should be given to the following directions : 

A Distinguish by some means lines of your drawings which 
represent objects from those which represent rays or beams of 
light. The object-lines may well be made with a softer pencil, a 
hroader mark, or of a different color. 

B. Usually do not attempt to represent objects in perspective. 
The drawings intended are professedly diagrams, not pictures. 
A section drawing is clearer and simpler. 

C. When values of angles are given in degrees they should be 
indicated on the drawing. This is not usually necessary in the 
case of right angles. 

D. Indicate the direction in which a ray is supposed to proceed 
hy small arrow-heads on the lines. Such an arrow-head should 
be added wherever a ray changes its direction. 

E. All construction-lines should be dotted. 

F. Make the diagrams large enough to admit of careful work. 
Better too large than too small. 

XLVIII. SHADOWS-PHOTOMETRY. 

Definitions.— Ray, beam, pencil, image; shadow; umbra, 
penumbra; intensity ; photometry ; law of inverse squares. 

1. Draw the shadow cast by a sphere on a screen, the 
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rays proceeding from a point on a line drawn perpendicu- 
lar to the screen through the center of the sphere. 

2. Draw the shadow of the same when the rays proceed 
from a flame of appreciable size, as a candle-flame. Indi- 
cate by shading the different intensities of shade. 

3. Draw the shadow (i.e., the unlighted space) cast by a 
flat round disk illuminated by a similar disk parallel to 
the first and of the same size. 

4. The same, except that the source of light is twice the 
diameter of the disk which casts the shadow. 

5. The same when the illuminating disk is only half as 
large as the other. 

6. An illuminating point is 5 ft. away from an object 
whose shadow is cast on a screen. Find by the principles 
of similar triangles how far from the object the screen 
must be in order that the shadow may be three times as 
large as the object. 

7. Draw a diagram to show the formation of an image 
(of an arrow or other simple figure) by a small aperture, 
and state the relation existing between distance from aper- 
ture of object and of image, size of object and of image. 

8. Compare the intensity of the light received by a card 
one inch square at a distance of 1 ft. from the source of 
light and the intensity on the same card at a distance of 
3 ft. 

Note. — Use the principle of similar triangles to prove from a 
diagram that the same amount of light is spread over nine times 
the area at three times the distance from the source. 

9. Show by a diagram why the intensity of illumination 
from a given source over a given surface is greatest when 
the rays are normal (i.e., perpendicular to the surface). 

10. If a candle illuminates a given picture with an in- 
tensity which may be called 1 when it is at a distance of 
16 ft., what will be the measure of the intensity when the 
candle is distant only 4 ft. ? when at 32 ft. ? 
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11. Two lights A and B appear equally bright when A 
is 4 m. distant from the eye and B 6 m. Compare the 
intensity of A and B as sources of light. 

12. A certain candle gives one tenth as much light as 
an incandescent electric lamp. How far away from a 
point must the electric lamp be to produce the same illu- 
mination as the candle 12 cm. distant ? 

13. If one candle = ^ of an electric lamp in light-giving 
power, how many candles at 50 cm. will produce the same 
illumination as two electric lamps at 4 meters ? 

14. How many candles at a distance of 400 cm. will pro- 
duce the same illumination as one candle at 25 cm. ? 

The standard of light-giving power generally used and 
known as one " candle-power" is the illumination produced by a 
sperm candle f in. in diameter burning 120 grains per hour. 

15. How many candle-power is a lamp which gives the 
same illumination on a screen at 200 cm. as a standard 
candle at 40 cm. P 

16. Compare the illuminations produced by a lamp of 
10 candle-power at 15 cm. and a lamp of 25 candle-power 
at 10 cm. 

Note. — The student is referred to text-books for description of 
the apparatus and discussion of the theory of Rumford's and of 
Bunsen's Photometers. 

17. In an experiment with Kumford's photometer, how 
much further from the screen must four candles be put 
than one in order that the two shadows may appear alike ? 

18. A "standard candle" and a lamp were tested by the 
Kumford photometer. The shadows appeared equally dark 
when the candle was 12 inches from the screen and the 
lamp 4 ft. Of how many candle-power was the lamp ? 

19. How many candles at a distance of 4 m. from a 
screen will cast the same shadow as three candles at a dis- 
tance of 3 m. ? 

20. If a lamp which is 6 ft, distant from a certain point 
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is to be replaced by candles, how many candles are needed 
to equal the intensity of the lamp if one candle at ten 
inches distance from the point produces the same illumi- 
nation ? 

21. In a Bunsen photometer experiment the oiled spot 
on the disk disappeared when its distance from the light 
A was 38 cm. and from the light B 62 cm. Express the 
ratio of intensity of A to B. 

22. Incandescent lamps are tested by a form of Bun- 
sen's photometer. A " standard " 16-candle-power lamp is 
placed at one end of a meter rod and the lamp to be tested 
at the other end. In a certain case the spot disappeared 
when the screen was 51 cm. from the standard. What was 
the candle-power of the lamp being tested ? 

23. Two lamps on opposite sides of a translucent screen 
illuminate it equally where one is 200 ft. distant and the 
other 150 ft. If the first is a lamp of 1000 candle-power, 
what is the candle-power of the second ? 

24. A screen is to be lighted by one of two methods — 
A, a source of light of 80 candle-power distant 4 m.; or B, 
a source of 70 candle-power distant 2.5 m. Which is the 
better method, and what is the ratio of intensities of the 
two cases ? 

25. Which is the more economical source of light, a 
candle burning 10 gm. per hour, costing 50 cents per kilo- 
gram and which must be placed 50 cm. away to produce a 
given illumination, or one which burns 8 gm. per hour, 
costs 40 cents per kilogram, and must be placed 40 cm. 
away to produce the same illumination? 

XLIX. REFLECTION-PLANE MIRRORS. 

Definitions. — Medium ; regular reflection ; irregular reflection ; 
angle of incidence ; angle of reflection ; image. 

1. If a point is 6 ft. in front of a plane mirror, how far 
back of the mirror will its image be, and how may its loca- 
tion be found geometrically ? 
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2. Draw a diagram showing a straight line parallel to a 
mirror and its image behind the mirror. 

3. A narrow rod is placed before a plane reflecting sur- 
face making an angle of 45° with the surface. Show by a 
diagram the relative positions of object, mirror, and image. 

4. A ray of light falls upon a smooth reflecting surface 
making the angle of incidence 40°. Draw the path of the 
ray after reflection and state the value of the angle of re- 
flection. 

5. A man standing at one corner of a square room looks 
into a mirror hung at the middle of one of the opposite 
walls. Show by a diagram what portion of the room he 
will see at the center of the mirror and also what he will 
see in a portion of the mirror nearer its edge. 

6. A point situated 6 inches in front of a mirror is viewed 
from a second point such that the angle of incidence is 45°. 
Show by a diagram how the " line of sight " from the eye 
and the perpendicular from the pin determine the location 
of the image. Draw also the lines to determine the loca- 
tion of the image by a line of sight making the angle of 
60° with the mirror. 

7. Draw a diagram to show (a) a plane reflecting surface, 

(b) a square before it whose sides are oblique to the mirror; 

(c) the location of the image and the lines of sight to a 
point of view, P. 

8. A capital letter A lies on the surface of a table in 
front of a vertical mirror. Draw a diagram to show the 
image of the letter in the mirror. 

9. Two plane mirrors, A and B, are placed parallel and 
facing each other 50 cm. apart. A pin stands 20 cm. 
from A and 30 cm. from B. Find the distance in cm. 
from mirror A of (a) the first image in A, (b) the first 
image in A of the first image in B. 

10. Two plane mirrors are placed parallel, facing each 
other, and two feet apart. A candle is placed half-way be- 
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tween them. Show by means of a diagram the position of 
the first three images seen in each mirror. Tell the dis- 
tance of each of these images from the nearer mirror, and 
state the method by which you have determined these dis- 
tances. (The course of the rays of light need not be shown 
in the diagram.) (Harvard Examination.) 

26. Two Mirrors at an Angle. — In the case of two plane 
mirrors, A and 2?, forming an angle at C, the following rules 
should be observed in the location of the images of an object 
placed at 0, a point within the angle C : 

1. The mirrors may be considered to continue on beyond their 
line of intersection at C indefinitely. 

2. Starting from 0, determine the position of 0*, the first 
image in the mirror A. From 0' determine the position of 0", 
the image of 0' in the mirror B. Continue this process in series 
alternately in A and B. 

3. If the angle G is an aliquot part of 360° (as 30°, 45°, 60°, 
etc.), the broken line drawn according to Rule 2 will return to 0, 
and there will be as many images less one as the angle C is con- 
tained in 360°. 

4. If the angle C is not an aliquot part of 360° there will be an 
indefinite number of images, and the broken line will not close a 
polygon. 

L. TWO MIRRORS AT AN ANCLE. 

1. Draw a diagram to show the images in two plane 
mirrors at an angle of 90° of an object, 0, placed at a point 
on the bisector of the angle. 

2. The same for a point not in the bisector of the angle. 

3. Eepeat problems 1 and 2 for an angle of 60°. 

4. For an angle of 45°. 

5. For an angle of 30°. 

6. For an angle of 50°. 

7. For an angle of 100°. 

8. Eepeat the diagram for Prob. 1. Choose some point, 
V, within the angle as a point of vision. Draw lines from 
each image to the point V, and also such other lines as are. 
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needed to show the paths by which light from 0, after 
various reflections, reaches the eye at V and is there per- 
ceived as if proceeding from the three images at Q', 0"> 
and 0'". 

9. Draw a similar diagram for a case where the mirrors 
are at an angle of 60°. 

LI. CURVED MIRRORS. 

Definitions. — Concave, convex, spherical, and parabolic mir- 
rors; center of curvature; aperture; principal and secondary 
axes ; principal focus ; focal length ; conjugate foci ; law of con- 

. , . AU 1 1 2 1 
jugate foci, thus - + — = - = — . 
a a r f 

1. Draw a diagram of a concave mirror of about 90° 
aperture, and also trace the paths of rays proceeding (a) 
from a point on the principal axis without the center of 
curvature, (b) from the center of curvature, and (c) from a 
point on the principal axis within the center of curvature. 

2. Draw a diagram of a concave mirror and the paths of 
four rays from points at an infinite distance (i.e., a beam 
parallel to the principal axis). 

3. Draw a diagram of a concave mirror and (a) the paths 
of rays from a point nearer the mirror than the principal 
focus, (b) the lines to show the virtual focus of such rays. 

4. How far from the surface of a concave mirror of 30 
cm. radius is the principal focus? 

5. The sun's rays are allowed to fall upon a concave 
mirror in front of which is a small screen. The spot of 
light formed by reflection is found to be smallest when the 
screen is 15 cm. from the surface of the mirror. What is 
the focal length and what the radius of curvature of the 
mirror ? 

6. A small object is placed in front of a concave mirror 
and its position adjusted until the image exactly coincides 
with the object. The distance from the mirror is found to 
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be 20 cm. What is the focal length and what the radius of 
curvature of the mirror ? 

7. An object is placed at a distance of 20 cm. from the 
surface of a concave mirror whose radius of curvature is 
30 cm. How far from the surface of the mirror will the 
image be ? 

8. An object is placed at the distance of 10 cm. from the 
surface of a concave mirror, and its image is found to be 
at a distance of 20 cm. from the mirror. Find the focal 
length of the mirror. 

9. An object is placed at a distance of 15 cm. in front of 
a concave mirror of focal length 20 cm. Find the position 
of the image and interpret the algebraic sign resulting. 

10. An object is placed half-way between a concave mirror 
(focal length 30 cm.) and its principal focus. Find position 
of the image. Is the image real or virtual ? 

11. In the case of a concave mirror of focal length = 8 
cm., find the conjugate focus for each of the following 
points on the principal axis: Distances from surface of 
mirror, (a) 3 cm., (b) 4 cm., (c) 8 cm., (d) 20 cm., (e) 
infinite. 

27. Diagrams for Images in Carved Mirrors. — The follow- 
ing rules should be observed in diagrams for curved mirrors : 

1. Draw through the extremities of the object secondary axes. 
Light proceeding to the mirror along these axes will retrace its 
own path after reflection. The corresponding points of the im- 
age, therefore, lie somewhere on these lines. 

2. Draw through the extremities of the object rays parallel to 
the principal axis. These rays will after reflection pass through 
the principal focus. 

3. The point of intersection of a line drawn according to Rule I 
and a line drawn according to Rule II will be the corresponding 
point of the image. 

4. Either position may be considered as that of the object, the 
other then being that of the image. 

5. By the principles of similar triangles in geometry it may be 
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shown that the size of the image is to the size of the object as 
the distance of the image from the snrface of the mirror is to the 
distance of the object from the same, or, in formula, 

ht = dt 

n. a: 

where A* and A* are the linear dimensions of image and object 
and di and d% their distances from the mirror respectively. 

Lll. DIAGRAMS FOR CURVED MIRRORS. 

1. Draw a diagram to show the position and size of the 
image of an arrow placed 10 cm. iu front of a concave 
mirror of focal length of 8 cm. 

2. The same for an arrow placed 20 cm. from the same 
mirror. 

3. For one placed 6 cm. from the mirror* 

4. The flame of a candle 3 cm. long is placed on the axis 
of a concave mirror at a distance of 18 cm. The image is 
formed at the distance of 54 cm. What is the size of the 
image ? 

5. On the axis of a concave mirror of focal length 60 cm. 
is placed an arrow 8 cm. long and 80 cm. from the mirror. 
Find the size and position of the image. 

6. Draw a diagram to show the formation of a principal 
focus by a beam parallel to the principal axis of a convex 
mirror, and state whether the focus is real or virtual. 

7. Draw a diagram to show the effect of a convex mirror 
on a diverging pencil. 

8. The same for a converging pencil. 

9. State position, size, whether real or virtual, inverted 
or erect, for the image of an object placed before a concave 
mirror when the object is — 

(a) Between mirror and principal focus. 

(b) At principal focus. 

(c) Between principal focus and center of curvature. 

(d) At the center of curvature. 
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(e) Beyond the center of curvature. 
(/) At an infinite distance. 
10. The same for convex lens. 

28. Refraction— Construction for Refraction— Definitions. 
Refraction ; incident and refracted rays ; angles of incidence 
and refraction ; sine of an angle ; index of refraction ; critical 
angle ; total reflection. 

The following construction may be used to draw the path of a 
ray passing from one medium to another, the index of refraction 
between the two media being given. Let 88 (Fig 45) be the 
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separating plane, and a ray AO fall upon it at 0. 



Let the index 



of refraction be -j-. With as center and radii in the same ratio 
o 

as a and 6, draw circumferences. Continue AO to C, cutting 

the inner circle at B. Through B draw BE parallel to 88 and 

BB parallel to OF, the normal at 0. Then OB will be the path 

of AO after refraction. 



INDICES OP REFRACTION OF VARIOUS SUBSTANCES AS 
COMPARED WITH A VACUUM. 

Agate 1.54 

Canada balsam 1.53 

Diamond 2.5 

Flint glass 1.61 % 

Crown glass 1.53, or f 
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Alcohol 1.36 

Water 1.83, or* 

Kerosene 1.43 

Ice 1.31 

Quartz 1.54 

Air at 0° and 760 mm. pressure 1.00029 

The relative index of refraction for any two of these media 
may be found by dividing the index (absolute) of one as given 
above, by the index of the other. For ordinary purposes the 
index of refraction gases may be considered as unity. The in- 
dices given in the table above are called the " absolute " indices. 

Proof — If OB is the path we must prove — — = — . The 

triangles AGO and DEO are similar (being mutually equiangular). 

...** = ?** B»tDE=BF. /.4|=£ 
BE OB b BF b 



LIU. REFRACTION. 

1. Draw a diagram to show the path of a ray passing 
from air into water, and name the angles of incidence and 
of refraction. 

2. Draw a diagram to show why a gun aimed at the ap- 
parent position of a point under water when viewed from 
above the surface might not be correctly aimed, and state a 
case when it would be. 

3. Draw a diagram to show the path of a ray through a 
bottle having parallel sides and filled with water when the 
ray falls upon the side of the bottle at an oblique angle. 

4. Draw a diagram to show the path of a ray passing 
from water into kerosene. (Kerosene is the more refrac- 
tive.) 

5. Determine from the following data the index of re- 
fractioiufor water (the index of refraction for air may be 
considered as unity): The angle of incidence of a ray pass- 
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ing from air into water was found to be 30° and the angle 
of refraction 22°. (See table, page .) 

6. If a ray of light falls npon the surface of a plate of 
flint glass at an angle of 15°, what will be the angle of re- 
fraction within the glass ? 

7. On a diagram (Fig. 46) drawn to scale from the records 
of an experiment AB represents the surface of a liquid and 
COE the path of a ray incident at 0. D measures 20 cm., 
and EF 12 cm. Find the index of refraction. 




-*"■"• — ■*%. 




Fig. 46. 
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8. A ray falling upon the surface of a liquid BE (Fig. 46) 
is deviated from its course through an angle BOO of 20°. 
If the angle FOA equals 40°, find the index of refraction. 

9. Find the index of refraction if the angle of incidence 
is 40° and that of refraction is 32°. 

10. Given the index of refraction (absolute) of water 
1.33 and that of agate 1.54, find the index of refraction 
from agate to water. 

11. Draw, by construction given above, the path of a ray 
passing from air into flint glass. (The index may be taken 
asf) 

12. Draw, by the same construction, the path of a ray 
passing from a medium A to a medium B when the index 
between the two is \. 
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,— It ma j be observed that when the incident 
ray is in the lew refractive medium 
there will be for every possible angle 
of incidence a corresponding angle of 
refraction. When, however, the inci- 
dent raj is in the more refractive 
medium there will be an angle at 
which the emerging raj will just lie 
at the separating surface as the raj 
AOB in the diagram. Kays incident 
at a greater angle will be reflected. 
Applying the law of sines to obtain 

the index of refraction, we have n . n ,^„ = ? = index. 
9 sin AOB b 

Bat COB = 90°; .-. sin COB = 1, and the equation becomes 




sin AOD 



a 
b 



= " or ? = sine angle refraction. 



Whence, in general, we have, The sine of the critical angle 
equals the reciprocal of the index of refraction. 
The following geometrical method may be used for the con- 



B 

-n — ^ 



/ / ! A: \ 




struction of the critical angle for two media whose index of re- 
fraction, T , is given : 
Let 88 be the separating surface, and let OA be an emerging 
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or refracted ray from the more refractive medium below 88. To 
find the direction of the ray incident at it is necessary that 

sin angle of incidence ___ a 
sin BOA T 

But sin BOA = 1; ,\ sin angle of incidence = — . 

6 

With as center and a and 6 as radii draw circumferences. 
From C draw CD perpendicular to 88. Draw DOR. Then OR 
is the incident ray. 

Proof.— z BOB = z MOD = angle of incidence ; sin MOD = 

— — = — ■ = -=-. ROE is the critical angle. 

LIV. CRITICAL ANGLE. 

1. Draw a diagram to show — 

(a) A ray passing from water into air with refrac- 
tion. 

(b) A ray meeting the bounding surface of water and air 
so as to be refracted along the surface of the water. 

(c) A ray totally reflected. 

2. Find the critical angle of water. (See Tables for 
Indices of Refraction and for Sines.) 

3. Find the critical angle for quartz. 

4. If the critical angle for two media is 39°, what is their 
relative index of refraction ? 

5. What is the index of refraction for two media whose 
critical angle is 45° ? 

6. Draw the construction and give proof for the critical 
angle for two media whose index of refraction is f . 

7. For two media whose index is ^. 

LV. REFRACTION BY PLATES AND PRISMS. 

1. Draw a diagram to show the path of a ray of light 
passing obliquely through a thick plate of glass. 
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2. Prove by geometry that the emergent ray is parallel 
to the incident ray after passing through a plate with par- 
allel sides. 

3. Draw a diagram to show the real and the apparent 
positions of a point seen obliquely through a thick plate 
of glass. 

4. Draw a diagram to show the path of a ray passing 
through a triangular prism when the angle of incidence is 
about 80° ? 

5. Draw a diagram to show the path of a ray passing 
through a triangular prism when the angle of incidence is 
90°? 

6. Draw a diagram to show the path of a ray passing 
through a triangular prism in the position of least devia- 
tion, and name the angle of deviation. 

7. Draw a large prism and apply the geometrical con- 
struction of page 125 in tracing the path of a ray through 
the prism. 

8. Show how a ray of light may be bent at right angles 
by a glass prism. 

9. Trace the path of the ray shown incident at A in 
Fig. 50 through both prisms. 

10. Draw a diagram to show 
how light could be deviated 
fig. so. through a large angle (as 120°) 

by a series of prisms. 

11. Show by a diagram the effect produced by refraction 
on the direction of a ray passing through a medium of 
gradually increasing optical density (as through the suc- 
cessive layers of the atmosphere) when the incident ray 
strikes at an angle oblique to the planes separating the 
layers. 

12. Show what deviation of a ray would be produced by 
a prism made of a less refractive material than the sur- 
rounding air. 
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30. Diagrams for Lenses— Definitions. — Double - convex ; 
plano-convex ; meniscus ; double-concave ; plano-concave ; con- 
cavo-convex ; principal and secondary axes ; center of curvature ; 
optical center ; principal focus ; focal length ; conjugate foci ; 
spherical aberration ; real image ; virtual image. 

The following method may be used for the geometrical con- 
struction of the path of a ray through a lens of a material 
whose-index of refraction is known. In the explanation, as well 
as in all the following examples, the lens will be considered to be 
of glass of index f . ' 
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Let £ be a lens having the principal axis AE and the centers 
of curvature Cand C. Let AB be a ray incident at B. Draw 
C'B. With B as center and radii 3 and 2 (ratio of index), draw 
the arcs x and y, the latter cutting AB at V. Draw VS parallel 
to C'B. Through S draw SBDR. 

Then BD is the path of AB in the lens. Similarly draw CD, 
and with D as center and same radii as before draw arcs y' and 
x'. Through R, the intersection of BD produced, and xf draw 
RT parallel to CD. Then DTE is the path of the emergent 
ray. 

The student will notice that this is essentially the same con- 
struction as that given on page 125. 



132 PROBLEMS IN ELEMENT AMY PHYSICS. 

LVI. LENS DIAGRAMS. 

1. Draw a diagram to show a section of each of the 
kinds of lenses mentioned in the definitions above. 

2. Draw a double-convex lens, its principal axis, and a 
secondary axis, and indicate by points the optical center 
and principal focus. 

3. Draw a diagram to show a pair of conjugate foci of a 
double-convex lens. 

4. Draw a diagram to show the effect of a double-convex 
lens on rays parallel to the principal axis. 

5. Apply the construction just given to a double-concave 
lens. 

6. Apply the construction to a plano-convex lens. 

7. Show by a diagram, using the construction above, that 
with index f the principal focus of a double-convex lens is 
at the center of curvature. 

8. Draw a diagram to show that with a plano-convex 
lens the principal focal length is twice the radius of 
curvature. 

9. Draw a diagram for a case where, with a double- 
convex lens, the incident rays diverge from a point on the 
principal axis at a distance more than twice the focal 
length. 

10. The same when the rays proceed from a point just 
twice the focal length. 

11. The same when the rays proceed from the principal 
focus. 

12. The same when the rays proceed from a point be- 
tween the principal focus and the lens. Show the virtual 
focus in this case, i.e., the point from which the emergent 
rays appear to diverge. 

13. Show by a diagram the effect of a double-concave 
lens on rays parallel to the principal axis. 

14. Show the effect of a double-concave lens on diverging 
rays. 
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15. Show the effect of a double-concave lens on sharply 
converging rays. 

16. Show the effect of a double-concave lens on rays 
diverging from the principal focus (virtual or real). 

17. Draw a diagram to show a pair of conjugate foci on 
a secondary axis. 

18. What is the effect upon prin- 
cipal focal length of making the 
lens of a more refractive material? 
Illustrate your answer by a diagram. 

Suggestion. — Draw a lens whose upper 
half shall be of more refractive material 
than the lower, and determine the effect 
of each upon parallel rays. 

19. What is the effect upon prin- 
cipal focal length of making a lens 

of less radius of curvature ? Illustrate by a diagram. (See 
Fig. 53.) 






Fig. 53. Fig. 54. 

20. Show by a diagram the effect of a series of lenses 
(Fig. 54) upon a slightly divergent pencil incident upon 
one of them. Show the line or direction from which an 
emergent ray would seem to come. 

31. Formula for Lenses. — The principles illustrated by the 
diagrams of the foregoing problems are represented algebraically 
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by the following formula. (For the derivation of the formula 
the student is referred to advanced text-books.) If the focal 
length of a convex lens be /, the distance of the object (at one of 
a pair of conjugate foci) from the lens be d , and the distance of 
the image (at the other conjugate focus) from the lens be d\ , then 

The following cases will make the significance of this equation 
clearer : 

(a) Let do = infinity ; then — = and d< = f. That is, par- 
do 
allel rays converge at the principal focus and the image is a mere 
point. 

(6) Conversely, let d< = f ; then do = infinity. That is, rays 
diverging from the principal focus emerge parallel and no image, 
or, rather, an image at an infinite distance, is formed. 

(c) Let d G < infinity and greater than 2f ; then d,< 2f, but >f. 
That, is, the image will be inverted and nearer the lens than the 
object. 

\d) Conversely, let d< < 2f ; then . . . (Let the student com- 
plete the statement and explain.) 

(e) Let d = 2/; then d { = %f. Explain. 

{f) Let d < if. (Same as (d).) Explain. 

(g) Let d =f. (Sameas(fc).) Explain. 

(h) Let d <f\ then d { is a negative quantity, and greater than 
d . That is, the image (and focus) is virtual, on the same side of 
the lens as object, and more distant. 

LVII. FORMULAE FOR LENSES. 

1. State which one of the diagrams called for in section 
LVI illustrates each of the laws (a)-(h) just given. 

2. If conjugate foci are formed by a lens at distances 4 
inches on each side of the lens, find its focal length. 

3. The rays from the sun are received on a lens, and it 
is found that the spot on a screen receiving the emergent 
rays is smallest when the screen is 8 cm. from the lens. 
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What is the focal length? Give the reason for your 
answer. 

4. The focal length of a convex lens is 20 cm. Find the 
conjugate focus for a point 30 cm. from the lens. 

5. The focal length of a lens is 25 cm. Find the conju- 
gate focus for a point 20 cm. from the lens, and interpret 
the meaning of the sign of the answer. 

6. Find the conjugate focus for the lens of Proh. 5 for 
a point 75 cm. from the lens, and interpret the sign of the 
answer. 

7. A lens is placed between a screen and a scale, and the 
positions are shifted until the lens is half-way between the 
two and the image of the scale appears clearly on the 
screen. The scale and screen are then found to be 60 cm. 
apart. What is the focal length of the lens used ? 

8. What is the focal length of a lens if conjugate foci 
are found at points 30 and 18 cm. from the lens and both 
on the same side ? 

9. The focal length being 6 inches, where is the conju- 
gate focus of a point 8 inches from the lens? 6 inches ? 

10. An illuminated point is placed 150 cm. from a white 
screen. Find two places between the point and the screen 
where a lens of focal length 24 cm. will cause a clear im- 
age of the point on the screen. 

Note. — For concave lenses the formula must be written 

do d.-f' 

and hence d* is less than do; i.e., the focus is virtual and nearer 
the lens than the conjugate focus. 

11. Find the focal length of a concave lens if conjugate 
foci are found to be 5 and 6 inches from one side.' 

12. The focal length of a concave lens is 6 in. Find the 
conjugate focus of a point 10 in. from the lens. 
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13. A concave lens has a focal length of 16 cm. What 
is the conjugate focus of a point 10 cm. from the lens ? 

32. Images. — To construct the image of an object formed by a 
lens the following construction will be found the simplest : 
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Let L be the lens, JFand F' its principal foci ; /one extremity 
of the object. To find /', the image of L We choose the ray 
parallel to the principal axis and the ray passing through 0, the 
optical center. Draw the path of the ray IABFT by the con- 
struction given on page 131. Draw the straight line IOI'. The 
intersection of these two rays determines the position of the 
image of L In a similar manner locate the image of the other 
extremity of the object. 

Notes. — 1. Except where great accuracy is desired or in very 
large drawings, the path IABI' may be determined merely by 
estimating the refraction. It will be noticed that the construc- 
tion need be applied only to the incident ray. The emergent ray 
will always pass through the principal focus. 

2. The ray IOI' really suffers a slight lateral displacement 
This is negligible if the lens is thin. 

3. Remember that in all cases the ray parallel to the axis and 
the ray passing through the optical center are sufficient to locate 
the image. 

Size of Image and Object.— The triangles IRO and I'SO (Fig. 
55) are similar (mutually equiangular). Therefore 

IROR 

IS ~ OS ; 

or, the linear dimensions of object and image are to each other 
as their distances from the lens. 
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LVIII. IMAGES. 

1. Draw a diagram to show the size and position of the 
image of an object distant twice the focal length from a 
lens. 

2. Show by diagram that if the object be at the prin- 
cipal focus no image will be formed. 

3. Draw a diagram to show the image of an object at a 
considerable distance from a lens. 

4. Show by a diagram that if the object be within the 
principal focus the emergent rays will diverge, and their 
intersection will be on the same side as the object, the im- 
age thus being virtual. 

5. Apply the construction to the determination of the 
size and location of the image (real or virtual ?) formed by 
a double-concave lens. 

6. If the image of a candle-flame is formed 20 cm. from 
a lens when the flame itself is 10 cm. from the lens, how 
large is the image compared with the flame ? 

7. At what distance from a convex lens must an object 
be placed so that the image may be half the size of the 
object ? 

8. What is the ratio of the size of the object to the size 
of the image in Prob. 8, page 135 ? 

9. Given a lens of focal length 30 cm., where must an 
object be placed that the image may be — 

(a) The same size as the object ? 

(b) Half as large? 

(c) Twice as large ? 

10. When an object is placed 2 in. from a lens of focal 
length 3 in., where is the image formed and what is its 
length if the object is 1 in. long ? 

11. What is the magnifying power of a lens of 30 cm. 
focal length when the object is 15 cm. from the lens ? 

12. The image of a clock-face is thrown upon a screen. 
The time is 12,30. Make a drawing of the image as seen 
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by an observer looking from the lens. (Harvard Entrance 
Examination.) 

LIX. OPTICAL INSTRUMENTS. 
Draw diagrams to show the principles of the following 
optical instruments: 

1. Crystalline lens and retina of the eye. 

2. Simple magnifying glass or microscope. 

3. A simple form of compound microscope. Let L (Fig. 
56) be the eyepiece, the object-glass, and AB the object. 
Trace the rays through to form a real inverted image of 
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AB between the lenses and thence through L to form the 
virtual image of the real image. 

4. A simple form of a refracting telescope (object at 
long distance from large object-glass and small eyepiece 
magnifying the small real image formed by object-glass). 

5. Simple, single-lens, photographic camera. 

6. Stereopticon or magic lantern (a light at the principal 
focus of large lens (condenser), object in the path of the 
emergent parallel rays, system of small lenses (or one pow- 
erful lens) at such a distance as to form real, inverted, and 
magnified image on a distant screen. 

7. Galilean telescope or opera-glass (large objective of 
comparatively short focal length; double-concave lens 
making divergent the rays from a distant object which 
would (if the concave lens were not interposed) converge 
at the focus of the objective. 



CHAPTEK XI. 

MAGNETISM. 

Definitions.— Unit pole ; unit field ; lines of magnetic force ; 
flow or flux of force ; magnetic potential ; electromagnet ; mag- 
netomotive force ; permeability ; paramagnetic ; diamagnetic ; 
reluctance ; terrestrial magnetism ; magnetic poles of the earth. 

MAGNETIC POLES AND FIELDS. 

33. Laws of Magnetic Poles. — 

(a) Like magnetic poles repel each other ; unlike magnetic poles 
attract each other. 

(6) The force between two given poles is inversely proportional 
to the square of the distance. 

(c) The force exerted at a given distance between two poles is 
directly proportional to the product of the strengths of the poles. 

The last two laws are summarized as follows : When q and q' 
are the strengths of the poles respectively, d the distance between 
them, and F the force in dynes between them, then 



LX. MAGNETIC POLES AND FIELDS. 

1. Show from the formula just given what is meant by 
" unit pole." 

Suggestion. — Suppose q, g*, and d each equal unity. 

2. What force in dynes will be exerted on a unit pole by 
a pole of strength 20 at a distance of 5 cm. ? 

3. Two equal magnetic poles repel each other with a 

139 
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force of 100 dynes when they are 5 cm. apart. What is the 
strength of each (in unit-pole-strengths) ? 

4. If two poles attract each other with a force of 300 
dynes when 3 cm. apart, what will be the force between 
them at 10 cm. ? 

5. It is found that a force of 2 gin. must be applied to 
keep two magnet poles from approaching each other when 
they are 2 cm. apart. It is known that the strength of one 
pole is to the strength of the other as 7 is to 3. Find 
strength of each pole. (1 gram = 980 dynes.) 

6. A magnetic pole of strength 30 is attracted by a 
second pole of strength 40 placed exactly 4 cm. east of it, 
and by a third pole of strength 10 placed 2 cm. exactly 
west. In which direction and with what force will the first 
pole move ? 

7. Two magnets are known to have equal strengths. 
When the N. pole of one is placed at a distance of .5 cm. 
from the S. pole of the other, it is found that a force of 6 
gm. is required to hold them apart. Assuming that the 
magnets are so long that the effect of the more distant 
poles may be disregarded, find the strength of the poles. 
(1 gram = 980 dynes.) 

8. Two poles of strengths 17 and 18 repel each other 
with a force of 306 dynes. How far apart are they ? 

Note I. — The intensity of a magnetic field at any point is meas- 
ured by the force exerted on a unit magnetic pole at the point. 

Therefore the intensity of the field about a magnetic pole 
varies inversely as the square of the distance of the point from 
the pole and directly as the strength of that pole. 

Note II. — In all these problems the field is considered as cre- 
ated only by one pole of a magnet, and by no other magnetic in- 
fluences. The conditions can be approximately realized in prac- 
tice by one pole of a very long slender magnet removed to a con- 
siderable distance from other magnetic influences. Even then, 
however, the earth-magnetism is always present 

9. The strength of a certain magnet pole is 50. What 
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is the intensity of the magnetic field at a distance of 
5 cm.? 

10. The strength of a certain magnet pole is 27. Find 
the intensity of the magnetic field 3 cm. away from it. 
Find also what force would be exerted by this pole upon a 
pole of strength 32 at a distance of 12 cm. 

11. What is the strength of a pole which creates at a 
distance of 4 cm. a magnetic field whose intensity is 112 ? 

34. Diagrams of Magnetic Fields. — In all the diagrams for 
lines of magnetic force the following method should be used : 
Imagine a small magnet to start from the end of the bar magnet. 
Consider in what direction the N. pole of the small exploring- 
needle would point under the influence of the bar magnet, and 
how, as the exploring-needle is moved in the direction indicated 
by its N. end, the magnetic influence of the earth and the other 
pole of the bar magnet (or other magnets, if more than one is 
used) would tend to modify the direction in which the small 
needle would point. Continue to move the needle always 
towards its JV. pole, and draw the line to show its path. At 
least four or five such lines should be drawn in each diagram, 
starting from various points on the bar magnet. Draw also the 
bar magnet, and place on the diagram an arrow to show a north 
and south line. 

LXI. DIAGRAMS OF MAGNETIC FIELDS. 

1. Draw a diagram to show the lines of magnetic force 
from the north pole of a bar magnet placed with its N. end 
towards the north pole of the earth. 

2. Draw a diagram for the lines of force from the S. end 
of a bar magnet with the S. end toward the north. 

3. A diagram showing lines of force passing from one 
pole of a bar magnet to the other end. Draw three lines 
outside the magnet and three within. 

5. Two bar magnets are laid in the same straight line 
with their N. poles adjoining, but separated by a short dis- 
tance. Draw a diagram to show the lines of force between 
these N. poles. 
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6. The same between a N. pole of one magnet and an 
adjacent S. pole of another in the same line. 

7. Draw the lines in a field about a N. pole in a plane 
perpendicular to the longest axis of the magnet. 

8. Draw a diagram of a " horseshoe " magnet and the 
field about it. 

9. Draw the field between three K. poles placed at equal 
distances from each other on the circumference of a circle. 

Note. — The fields mentioned above and many other combina- 
tions may be shown experimentally by iron-filings sifted on a 
sheet of paper lying upon the bar magnets. 



CHAPTEE XII. 
ELECTRICITY. 

Remark. — No problems are given on Static Electricity, as the 
experiments which they would illustrate are for the most part 
difficult or troublesome, and require delicate apparatus if any 
quantitative work is to be done. 

For convenience of reference and for comparison with other 
portions of the chapter on electricity, the chief Laws for Static 
Electricity, the Units employed in measurements of it, and a list 
of some of the simpler apparatus employed in its study are given. 

35. Some of the Laws of Static Electricity. — 

(a) Bodies similarly electrified repel each other ; bodies oppo- 
sitely electrified attract each other. 

(5) The force exerted between two small electrified bodies varies 
directly as the product of their charges and inversely as the square 
of the distance between them ; or, in formula, 

P oc ?£-. ( CoiUomVs Law. ) 
d 

(c) In the electrification of a body, the charge lies wholly upon 
the outer surface. 

(d) A positive charge cannot be developed without the simul- 
taneous development of an equal negative charge. 

(e) When an electrified body is brought near an object it induces 
an equal and opposite electrification on the nearer side of the 
object, and an equal and similar electrification on the more re- 
mote side. 

36. Three Systems of Electrical Units.— There are two sys- 
tems of electrical units based upon the C. G. S. system. 

The first is called the Electrostatic System, and is based upon 
the attraction and repulsion between two quantities of electrifi- 
• 143 
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cation. No special names have been adopted for the Electro- 
static Units. 

The second system is called the Electromagnetic System, and 
is based upon the force exerted by a certain specified electric cir- 
cuit upon a magnetic pole. The Electromagnetic units will be de- 
fined under Current and Dynamic Electricity, § . 

A third system of units, " The Practical System," used by prac- 
tical electricians, is best defined by referring its units (ohm, volt, 
ampere, etc.) to the electromagnetic system, of which they may be 
considered fractions or multiples. These units will also be con- 
sidered later. § .. 

(The student will find a discussion of these systems, their units, 
relations, etc., in Everett's "(7. G. S. System of Unitsf* p. 161 
et seq.) 

37. Electrostatic Units — Quantity. — The electrostatic unit of 
quantity is the quantity of electrification that exerts through 
air a force of one dyne on a similar quantity at a distance of 1 
cm. 

Potential.— The potential at a point is measured in the electro- 
static system by the work done in bringing a unit quantity of 
positive electrification to the point from an infinite distance. A 
point, therefore, will be at Unit Potential when an erg of work 
is done in moving the unit quantity from an infinite distance to 
the point. 

Unit Difference of Potential.— Unit Difference of Potential 
exists between two points when it requires the expenditure of a 
unit of work to move the unit quantity from one point to the 
other against the electric force. 

Capacity. — A conductor has unit capacity when a unit charge 
raises it to unit potential. 

Intensity of Electric Field at a Point — Electric Force. — 
The intensity of an electric field at any point is the force with 
which a unit of positive electrification would be acted upon at 
that point. 

Specific Inductive Capacity of a Dielectric. — The specific 
inductive capacity of a dielectric is the ratio of the capacity of a 
condenser whose dielectric is to be tested to the capacity of an 
exactly similar condenser whose dielectric is dry air at 0° C. and 
76 cm. pressure. 

38. Relation of Electrostatic to "Practical" Units.— The 
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equivalents for reducing these units to the practical system are 
here given. 
To change C. G. S. units of — 

(a) Quantity to coulombs, divide by 3 x 10 9 . 

(b) Potential to volts, multiply by 300. 

(e) Capacity to microfarads, divide by 900,000. 

LXII. ELECTROSTATIC APPARATUS. 

Draw a diagram for each one of the following pieces of 
apparatus, showing location of charges and their signs, lines 
of force, electrification by induction, or whatever other 
effects are necessary to show the principle of the arrange- 
ment: 

1. Pith-ball electroscope. 

2. Gold-leaf electroscope. 

3. Faraday's bag. 

4. Distribution of charge on a spherical and on a pear- 
shaped conductor. 

5. Electrophorus. 

6. Leyden jar. 

7. Holtz machine* 

8. Wimshurst machine. 

9. Lines of force between a charged conductor and an 
attracted pith-ball. 

10. Lines of force between two conductors, one a long 
cylinder and the other a small sphere near one end of the 
cylinder. 

11. Distribution of charge on two spheres touching each 
other. 

39. Current or Dynamic Electricity — Definitions.— Current; 
conductor ; plate ; pole ; voltaic cell ; battery ; electromotive force. 
(E. M. F.) ; external resistance ; internal resistance ; series ar- 
rangement of cells ; parallel arrangement. For convenience of 
reference the electromagnetic units are here defined Doth for the 
absolute or C. G. 8. system and for the practical system used for 
ordinary measurements. 
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The relation of the electromagnetic units to the electrostatic 
unite is explained in § 359 of Thompson's " Electricity and Mag- 
netism," to which treatise the student is referred for the more 
elaborate discussion of the units employed in electrical measure- 
ments. 

40. Electromagnetic Units. 

C. G. 8. Units. 

8tbength of Current : A current has unit strength when one 
centimeter of its circuit bent into an arc of radius one centimeter 
exerts a force of one dyne on a unit magnetic pole placed at the 
center. (See § 33 for Unit Pole.) 

Electromotive Force or Difference of Potential: Two 
points have unit difference of potential when it requires the ex- 
penditure of a unit of work (erg) to bring a unit of positive 
electrification from one point to the other against the electric 
force. 

Resistance: A conductor has unit resistance when a unit 
difference of potential between its ends causes a unit current to 
flow. 

Quantity : The unit quantity is that quantity conveyed by a 
unit current in one second. 

Capacity : A condenser has unit capacity when unit quantity 
charges it to unit potential. 

Induction: Unit induction is that when unit E. M. F. is induced 
by a variation of current at the rate of one unit of current per 
second. 

41. Practical Units.— 

Strength of Current.— The Ampere = ^ (or 10- 1 ) absolute 
unit. Practically is the current which will deposit (under speci- 
fied conditions) .001118 gm. of silver per second. 

Electromotive Force or Difference of Potential. — The 
volt = 10 8 absolute units. It is the E. M. F. which will produce 
a current of one ampere when the resistance is one ohm. It 
is represented practically by |£J£ of the E. M. F. of a special 
standard cell, called the " Clark" cell. 

Resistance.— The Ohm = 10 9 absolute units. It is practically 
represented by the resistance of a column of mercury 106.3 cm. 
long and weighing 14.4521 gm. at 0° C. Such a column is called 
a Standard Ohm. 
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Quantity. — One Coulomb = ^ absolute units of quantity. It 
is the quantity which is conveyed by an ampere current in one 
second. 

Capacity.— One Farad = 10- 9 of absolute unit of capacity. 
It is the capacity of a condenser whose potential is raised one 
volt by a charge of one coulomb. 

Induction. — The Henry = 10 9 absolute units of induction. It 
is the induction in a circuit when an induced E.M.F. of one volt 
is produced when the inducing current varies at the rate of one 
ampere per second. 

Work : The Electrical Unit of Work. — The Joule =10 T abso- 
lute units of work (i.e., ergs), and is the energy expended in 
one second by maintaining a current of one ampere against a 
resistance of one ohm. 

Joules == volts x coulombs. 

Activity or Power. — The Watt is the electrical unit of activity 
or rate of doing work. It = 10* ergs per second. It is the 
rate of working of one joule per second, or the rate of working 
in a circuit when the current is one ampere and the E. M. F. 
one volt. 

Watts = amperes x volts. 

42. Ohm's Law states that the current varies directly as the 
E. M. F. and inversely as the resistance, or if C be amperes, E 
volts, and R ohms, then the following equation holds : 

or if R be the external resistance of the circuit, and r the inter- 
nal resistance of the cell or generator, then 

C- E 

LXIII. OHM'S LAW. 

1. In a certain circuit the voltage is found to be 10 and 
the total resistance in ohms 5. What is the current in am- 
peres? 
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2. Find the resistance of a circuit in which a current 
of 100 amperes may be maintained by an E. M. F. of 20 
volts? 

3. What must be the E. M. F. to send a current of 5 am- 
peres through a resistance of 300 ohms ? 

4. A DanielFs cell Las an E. M. F. of 1.08 volts. Its in- 
ternal resistance is 0.5 ohms. What current will it furnish 
through a wire whose resistance is 10 ohms ? 

5. A certain cell is known to have an internal resistance 
of 1.1 ohms. If it gives a current of 0.5 ampere through 
a resistance of 1.3 ohms, what is its E. M. F.? What 
current would it give if the external resistance were 
doubled ? * 

6. A glow-lamp takes a current of 1.4 amperes, and the 
difference of potential between its terminals is 70 volts. 
What is its resistance ? 

7. The difference of potential between the terminals of 
a galvanometer when a 3-ampere current flows is found to 
be 18 volts. What is the resistance of the instrument ? 

8. A galvanic cell is employed to send a current of elec- 
tricity through 1 m. of No. 30 German-silver wire, and a 
perfectly similar cell to send a current through 2 m. of the 
same kind of wire. Show why the strengths of the two cur- 
cents would not be exactly as 2 to 1. If 50 m. of the wire 
were substituted for the 1 m., and 100 m. for the 2 m., 
would the strengths of the currents be more nearly as 2 to 
1 ? Explain. (Harvard Entrance Examination.) 

9. How many cells each of 1.3 volts E. M. F. are required 
to send a current of 2.6 amperes through a wire whose re- 
sistance is 3 ohms ? 

10. An experiment with a battery gave the following re- 
sults: The E. M. F. being 2.4 volts, and the external resist- 
ance 6 ohms, .3 of an ampere was found to flow. What 
was the internal resistance ? 

11. What current would flow if the external resistance 
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of the last problem were changed to 8 ohms, the other con- 
ditions being unchanged ? 

12. If the external resistance of a circuit is f of the in- 
ternal resistance, what change on the strength of current 
will be made by doubling the external resistance ? What 
by doubling the internal resistance ? 

13. A certain wire has a resistance of 1 ohm for every 
three feet of its length. What must be the E. M. E. in 
order that a current of .4 amperes may flow through one 
mile of the wire ? 

14. A Bunsen cell, having a resistance of .9 ohms and 
E. M. E. of 1.8 volts, is required to furnish a current of 
half an ampere. How many feet of wire whose resistance 
is .001 ohm per foot may be used in the external circuit ? 

15. If a current of 2 amperes flows in a certain conduc- 
tor when its length is 2 m. and the internal resistance of 
the generator is .5 ampere, what must be the length of the 
conductor to reduce the current to 1.5 amperes ? 

Note. — It can be shown that if n generators (cells or dynamos), 
each having an internal resistance of r ohms, be used to send a 
current through an external circuit having a resistance R, the 
maximum current strength is obtained when the arrangement is 
such that the external and internal resistances are equal. If n 
cells be connected in series, we have 

<7„= nE 



8 R + nr 

Here the internal resistance is n times as large as that of one 
cell and the E. M. F. is also n times as large. If now R be large 
in comparison with r, then of the numerator will do more to in- 
crease the value of C s than the n of the denominator to decrease 
it, and the Series Arrangement is preferable. If, however, R be 
small this advantage will not be gained. 

If n cells be connected in parallel, we have 

* & + *- 
n 
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Here, if jR be small, it will be of considerable advantage to have 
r divided by n, in order to lessen the denominator. If, however, 
jR be large this division of r will be comparatively useless, and it 
is of more concern that the E. M. F. be multiplied by connecting 
in series. 

Hence, if R is large, nse the Series Arrangement, but if R is 
small, use the Parallel Arrangement. 

16. If each cell shown in Fig. 57 has an internal resist- 
ance of 5 ohms and an E. M. F. of 1.6 volts, what current 




Fig. 57. 

is conveyed through a short thick wire whose resistance 
may be neglected ? How much through one whose resist- 
ance is 40 ohms ? 

17. Taking the same voltage and cell resistance as in 
Prob 16, find the current flowing through a short thick 




Fig. 58. 



wire and through a wire whose resistance is 40 ohms, with 
a battery connected as in Fig. 58. 
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Fig. 59. 

18. If the cells of Fig. 59 are similar to those of Prob. 
16, find (a) the E. M. F. of the arrangement, (b) the in- 
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ternal resistance, (c) the current which will flow through a 
wire whose resistance is 18 ohins. 

19. Draw a diagram to show the arrangement of 12 cells 
(a) 4 in series and 3 in parallel, (b) 6 in parallel and 2 in 
series. 

20. Draw a diagram to show the arrangement of 16 cells, 
4 in series and 4 in parallel. 

21. If each cell has an E. M. F. of 1 volt and an internal 
resistance of 5 ohms, calculate the current furnished by 
each arrangement of Probs. 19 and 20 through a circuit 
whose resistance is so small as to be negligible. 

22. Repeat the computations of Prob. 21 for a circuit 
whose resistance is 360 ohms. 

23. How should 20 cells each of 1.2 E. M. F. and internal 
resistance 6 ohms be arranged to send the strongest current 
through a circuit whose resistance is 7.5 ohms ? 

Suggestion. — What multiple of 1.2 ohms will make the total 
internal resistance of the battery nearest to the external resist- 
ance of 7.5 ohms ? Then what factor of 20 is nearest to this mul- 
tiple of 1.2 ? 

24. How for a circuit whose resistance is 120 ohms ? 

25. Seven cells in series are found to send a current of 
.2 amperes through a wire whose resistance is 8 ohms. 
What is the internal resistance of each cell ? 

26. Determine the current strength of 6 cells in parallel, 
each having an E. M. F. of 2 volts and an internal resist- 
ance of 3 ohms — 

(a) When the external resistance is .1 ohm. 

(b) When the external resistance is 6 ohms. 

(c) When the external resistance is 1000 ohms. 

27. Determine the current strength for the three cases 
above when the cells are in series. 

28. When they are two in parallel and three in series. 

29. Given 8 galvanic cells, each having an E. M, F. of 1 
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volt and a resistance of 2 ohms, with an external resistance 
of 20 ohms, what is the current strength when the cells are 
arranged in series ? when in parallel ? (Harvard Entrance 
Examination.) 

30. Galvanic cell A has an E. M. F. of 2 volts and a re- 
sistance of 6 ohms. Cell B has an E. M. F. of 1 volt and a 
resistance of 3 ohms, (a) How strong a current will each 
cell, used alone, send through a wire so short that its re- 
sistance may be neglected ? 

(b) How strong will be the current if the two cells are 
joined in series, both working in the same direction ? 

(c) How strong if joined in parallel ? 

(d) Which cell will prevail, and how strong will be the 
current if the two cells are joined in such a way as to op- 
pose each other ? (The E. M. F. and resistances would be 
likely to change in the course of such experiments. But 
this fact may be disregarded.) (Harvard Entrance Exam- 
ination.) 

31. Two cells in series, each of 1 volt E. M. F. and 4 ohms 
internal resistance, are opposed to 5 cells in parallel, each 
of 1.4 volts E. M. F. and 7 ohms internal resistance. Which 
set will prevail, and what will be the strength of the result- 
ing current ? 

43. Heat Developed in a Circuit. — Laws of Heat in an 
Electrical Circuit: 

1. The amount of heat energy developed in any circuit varies 
directly (a) with the square of the current strength, (6) with the 
total resistance of the circuit, (c) with the time the current flows. 
Or, algebraically, 

E*t 
HeatoeCRt or — . 
R 

The student will observe that it is the heat energy or amount of 
heat and not the rise of temperature which is here measured. 

2. From the general law just given we obtain as a corollary that 
in any portion of the circuit the heat is proportional to the re* 
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sistance of that portion. That is, if a circuit be formed of a 
meter of copper wire and a meter of platinum wire of the same 
size in series, and platinum has six times the resistance of copper, 
six times as much heat will be developed in that part of the cir- 
cuit formed by the platinum wire as in that part formed by the 
copper wire. 

LXIV. HEAT IN A CIRCUIT. 

1. Compare the amount of heat developed by sending a 
current of 2 amperes through a wire 1 meter long with the 
amount developed in sending the same current through a 
similar wire 2 meters long. 

2. If the current flowing through a given conductor be 
doubled, what is the effect upon the amount of heat de- 
veloped ? 

3. If a current of 10 amperes develops sufficient heat in 
flowing for 10 minutes through a coil of copper wire im- 
mersed in a vessel of water to raise the temperature of the 
water 5°, how many degrees will a 3-ampere current raise 
the temperature in half an hour ? 

4. A circuit is formed of a generator, a high resistance 
coil of 1000 ohms, and a galvanometer whose resistance is 
100 ohms. If the internal resistance of the generator is 20 
ohms, write the ratios of the heat developed in each of the 
three parts of the circuit. 

44. Electrolysis. — The weight of an element which is set free 
by electrolysis in one second by a unit current is called the Elec- 
trochemical equivalent of the element. 

Thus, in the table below are given for several metals the weights 
in grams which will be liberated by electrolysis by a current of 
one ampere in one second. 

Silver 001118 

Copper 000328 

Zinc 000337 

Gold 000679 

Nickel .000304 

Hydrogen 000010 

Oxygen 000082 
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The Laws of Electrolysis are as follows: 

1. The amount of chemical action is the same at all parts of the 
circuit. 

2. The amount of an element (or ion) liberated in a given time 
varies directly with the current strength. 

3. The amount liberated varies directly with the time the cur- 
rent flows. 

4. The amount liberated varies directly with the electrochemi- 
cal equivalent of the element. (See table above.) 

Algebraically: Let W= wt. in gm.; the current strength; t 
the time in seconds; and e the electrochemical equivalent of the 
element: then 

WocCet. 

LXV. ELECTROLYSIS. 

1. How many grams of copper are deposited on the cop- 
per plate of a battery-cell in one hour if the average cur- 
rent is .5 ampere ? 

2. A current of one ampere is caused to deposit silver 
upon a metal plate. How long must the current flow to 
deposit 3 gm. of silver ? 

3. What current strength is required to deposit 0.3 gm. 
of nickel in one hour ? 

4. Find the strength of a current which will deposit .504 
gm. of copper in 50 minutes. 

5. An electric current is caused to flow through a circuit 
in which is inserted a copper voltameter (a vessel contain- 
ing two copper plates, or electrodes, immersed in a solution 
of copper sulphate). The following records of the experi- 
ment were made : 

Time of flow, one-half hour. 

Wt. of one electrode at beginning 6.858 gm. 

" same electrode at end 7.233 " 

Compute the average current strength. 

6. A certain dynamo used for electroplating is found to 
deposit 141.696 gm. of copper in an hour. What is the 
current furnished ? 
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7. A current from a battery is sent through a voltameter 
and is found tg deposit 2 gm. of silver in a given time 
when the total resistance of the circuit is 50 ohms. How 
much silver will the same battery*deposit in the same time 
if the total resistance is reduced to 20 ohms ? 

8. Derive the electrochemical equivalent of copper-from 
the following data: A 2.5-ampere current flowing for 2 
hours was found to increase the weight of one of the elec- 
trodes of a copper voltameter in the circuit from 15.9 gm. 
to 21.8 gm. 

9. How many grams of zinc will be consumed in 10 min- 
utes by a current whose E.M.F. is 6 volts flowing in a cir- 
cuit whose total resistance is 18 ohms? 

10. A cell containing a solution of silver, and cell con- 
taining water, to which has been added a little sulphuric 
acid, are placed in a circuit And the current allowed to flow 
for 10 minutes. If .012 gm. of hydrogen is evolved in the 
cell containing the acidulated water, what is the current 
strength and how much silver will be deposited in the 
other cell ? 

45. Alternating Currents. — The Law for Alternating Cur- 
rents which corresponds to Ohm's Law for direct currents is as 
follows: 

Let C be current strength, E the E. M. F. in volts, R the total 
resistance external and internal in ohms ; n the number of alter- 
nations per second, and L the coefficient of self-induction, a con- 
stant depending on the shape and other conditions of the circuit ; 

then 

v. 

C = 



l/R' + ^nL)* 



The total apparent resistance |/R a + (2nmL) a is called the 
impedance, and is expressed in ohms. The term 27tnL is called 
the reactance, and expresses the measure of the tendency of a cir- 
cuit to oppose changes in the current strength. For fuller dis- 
cussion of alternating currents advanced text-books should be 
consulted. 
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46. Induced Correal*. — When a change occurs in the number 
of lines of force passing through a closed cofl a current is pro- 
duced in the coiL These currents are called Induced Currents. 
They may be produced by any means that causes a change in the 
number of lines of force passing through the coil, as by the ap- 
proach or withdrawal of a magnet, a solenoid, or by an increase 
or decrease of a current in a circuit adjacent to the coiL 

The Laws of Induced Currents are as follows: 

1, An increase in the number of lines of force passing through 
a closed coil or helix produces a current flowing through the coil 
in the opposite direction from the motion of the hands of a watch. 
A decrease in the number of lines of force produces a current in 
the same direction as the motion of the hands of a watch. 

2. The electromotive force of the induced current is propor- 
tional to the rate of increase or decrease in the number of lines 
of force passing through the coiL 

ELECTRICAL MEASUREMENTS. 

47. Resistance. — The Laws of Resistance are as follows : 

1. The resistance of a conductor varies directly with its length. 

2. Inversely with the cross-section area or, if the conductor be 
a round wire or rod, inversely with the square of the diameter. 

8. Directly with the " specific resistance " of the material. 

Notes.— (a) The resistance also depends upon the temperature 
of the conductor, being in general greater for higher tempera- 
tures (chief exception, carbon). 

(6) In the C. G. S. system the specific resistance of a substance 
is the resistance between opposite faces of a cube 1 cm. on each 
edge made of the substance. 

The following table gives, in micro-ohms (thousandths of an 
ohm), the specific resistance of some of the metals and a few other 
substances : 

SPECIFIC RESISTANCES. 

Copper 1.60 Iron 9.63 

gilver 152 Mercury 94.34 

Aluminum 2.89 German silver 20.70 

Carbon (arc-light) . . . .4000.00 Lead 19.63 

Glaaa 91 x 10" Pure water 26.5 x 10 8 

Platinum 8.98 



ELECTRICITY. 157 

(e) In general good conductors of heat are good conductors of 
electricity. Liquids, except liquid metals which conduct as 
metals, conduct only by electrolysis. Gases are almost perfect 
insulators, except under conditions which allow convection cur- 
rents. 

Algebraically the laws of resistance may be expressed as fol- 
lows, where B is the resistance, L is length, D is diameter, and r 
is specific resistance: 

Lr 

Tables of actual resistance and of relative resistivity will be 
found at the end of this book. 

LXVI. RESISTANCE. 

1. If a wire 6 meters long and 1 mm. in diameter has a 
resistance of 2 ohms, what will be the resistance of a wire 
4 m. long and of diameter 2 mm.? 

2. By reference to the table of resistances determine the 
length of a copper wire 1 mm. in diameter, having a 
resistance of 80 ohms. 

3. The same for a German-silver wire. 

4. If a No. 16 brass wire of a certain length has a resist- 
ance of 1 ohm, how many times as long must a No. 12 wire 
be to have the same resistance ? 

5. By reference to the table of Specific Resistances above, 
determine the relative resistivity of copper and iron. 

6. How many cm. of iron wire are required to have the 
same resistance as 50 cm. of silver wire ? 

7. By Ohm's Law find the current which with an E. M. F. 
of 1.08 volts will flow through 2 m. of No. 30 copper wire. 
(See tables.) 

8. What number of wire should be used if 50 meters of 
it are required to deliver a 4-ampere current when the 
E. M. F. is 5 volts ? 

9. Two wires of same length and material have resist- 
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ances 5 and 8 ohmg respectively. The first is .5 mm. in 
diameter. Find the diameter of the second. 

10. From the specific resistance of copper calculate the 
resistance of 2 m. of No. 14 copper wire. 

11. Compare the resistance of one meter of copper wire 
No. 18 with that of one meter of platinum wire No. 22. 

12. The resistance of a coil of wire was found to be 90 
ohms. A piece of the wire 2 meters long had a resistance 
of .6 ohm. How long was the wire of the coil ? 

13. Find the length of an iron wire No. 9 to have a re- 
sistance of 1000 ohms. 

14. What number of copper wire has a resistance nearest 
to one ohm to the meter ? 

15. A cable is 6 miles long and has a total resistance 
when unbroken of 48 ohms. How far from one end is a 
break such that the resistance of one part is 22.8 ohms ? 

48. Effect of Temperature on Resistance.— The temperature- 
coefficient of resistance is the increase of resistance per ohm per 
degree of rise of temperature. Or, where K is the coefficient, r t 
the resistance at temperature £i, and r, the resistance at tempera- 
ture Is, 

g _ r,-r, 
r,(t,-t,)' 

The value of K for most pure metals is about .004 through or- 
dinary ranges of temperature. For alloys it is much less, being 
only about .00044 for German silver. For this reason German 
silver is often used for the coils of resistance-boxes. 

LXVII. TEMPERATURE AND RESISTANCE. 

1. Find the resistance at 50° C. of a copper wire whose 
resistance at 15° is 2 ohms. 

2. The same for a German-silver wire. 

3. Determine the value of the temperature-coefficient of 
resistance from the following record of an experiment with 
a coil of copper wire : 
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Resistance of coil in oil-bath at 3°.3, 2.76 ohms. 
" " 66°.5, 3.45 ohms. 

4. How many degrees must the temperature of a copper 
wire be raised that its resistance may be increased from 10 
ohms to 10.7 ohms ? 

5. Compare the resistance of one meter of No. 14 copper 
wire at 30° with that of one meter of No. 18 wire at 0°. 

49. The Measurement of Resistance.— Six methods will be 
considered: Substitution, Differential Galvanometer, Resistance 
of Divided Circuits, Fall of Potential, Wheatstone's Bridge, (a) 
1000 mm. wire bridge and (6) box bridge, and the measurement 
of Internal Resistances. 

The student will do well to draw a diagram for each circuit as 
described, using the conventional symbols for batteries, galvanom- 
eters and resistance-boxes. 

LXVIII. SUBSTITUTION. 

1. A battery, galvanometer, resistance-box, and a wire 
whose resistance is to be measured are connected in series. 
When the box reads 5 ohms the galvanometer shows a de- 
flection of 40°. The wire is then removed, and it is found 
necessary to increase the box resistance to 8.2 ohms to re- 
duce the galvanometer-reading to 40°. Find the resistance 
of the wire. 

2. If the wire of Prob. 1 was 38 cm. long, how much of 
it must be used to make a resistance-coil of one ohm ? 

3. Two coils supposed to be each of 10 ohms resistance 
are placed in series with a standard resistance-box, a gal- 
vanometer, and a battery, and the box adjusted till a deflec- 
tion of 45° is obtained. The two coils were then removed 
and the box readings were increased 20.2 ohms before a 
deflection of 45° was again obtained. What was the aver- 
age per cent of error of the coils ? 

4. In a certain circuit it is found that 5 cm. of silver 
wire may be replaced by either 46 cm. of copper wire or by 
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7.74 cm. of iron wire of the same diameter. Determine 
the resistances of copper and iron as compared with silver. 
5. If platinum has six times the resistance of silver, how 
many cm. of No. 14 silver wire are required to offer the 
same resistance as 10 cm. of No. 12 platinum wire? 

50. Differential Galvanometer for Measurement of Resist- 
ance. — A differential galvanometer is one having two equal coils 
so wound as to tend to turn a needle hung within them in oppo- 
site directions. The coils are usually adjusted to be exactly alike 
in all respects. Equal currents in the two coils will then balance, 
and no deflection be observed. 

LXIX. DIFFERENTIAL GALVANOMETER. 

1. The current from a battery is divided so that one 
portion flows through a wire whose resistance is to be tested 
and one coil of a differential galvanometer, and the other 
portion through a standard resistance-box and the other 
coil. Write an equation to express by letters the value of 
the current (Ohm's Law) in each portion, and show, when 
no deflection occurs, what two quantities are equal. 

2. With apparatus like that of the preceding problem, if 
the resistance-box reads 11 ohms, what is the resistance of 
the wire ? 

51. Divided Circuits. — A consideration of Fig. 60 will show 
that the current flowing in AB before division into the branches 




Fig. 60. 

1, 2, and 3 must be the same as in CD after reuniting. Let this 
current be C and the currents in 1, 2, and 3 be respectively d , 
C7 a , and &. Thence we have Kirchhoff's Law, 

C=Ct + tf a + (7s. 
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Let fi , r% , and r, be the resistances of 1, 2, and 3. The E. M. F. is 

the same in all three, being due simply to the difference of poten- 

E E 

tial between points B and 0. Therefore, since d = — , (7« = — , 

T\ r% 

E 

and Ct = — , then 
r, 

— =- and ~-=-,etc.; 

that is, the current C in AB divides on reaching the branches 1, 
2, and 3 into parts inversely proportional to the resistances of 
these branches. 

Again, the conductivity of the three parts together equals the sum 
of the conductivities of each. Let R be the resistance of 1, 2, 

and 3 together. Then — equals their conductivity, and 
R 

R r, r„ r, ' 

or, in general, the joint resistance of any number of conductors 
in parallel is the reciprocal of the sum of the reciprocals of the 
resistances of each separately. 

When there are but two branches we have — = — | — ; 

R ri r, 

whence we have the convenient form, 



R = 



ri + r 9 



LXX. DIVIDED CIRCUITS. 

1. A current of 12 amperes is divided into two branches, 
whose resistances are as 3 to 5. How many amperes flow 
in each branch ? 

2. Two points are connected by two wires in parallel, 
whose resistances are 7 ohms and 8 ohms respectively. 
What is the total resistance of the two ? 

3. Compare the resistance of two copper wires of 2 and 
4 ohms resistance in series with that of the same wires in 
parallel. 
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4. A generator sends a current of 100 amperes over a 
line whose resistance is 8 ohms. If it is desired to reduce 
the line current to 6 amperes, what should be the resistance 
of a shunt connecting the terminals of the generator to ac- 
complish this ? 

5. In a certain experiment the deflections of a galvanom- 
eter whose resistance is 64 ohms are inconveniently large. 
What is the resistance of a coil which when connected as a 
shunt between the galvanometer terminals will cause only 
one third of the current to pass through the instrument ? 

6. If the galvanometer has a resistance of 120 ohms, find 
the resistance of shunts to reduce the galvanometer current 
to i, to -fo, and to y^ of the total current. 

7. A current of 2.4 amperes divides at A so as to flow to 
B partly through a meter of copper wire and partly through 
a meter of German-silver wire of half the diameter of the 
copper. Find the current in each branch. 

8. Incandescent lamps are generally connected in par- 
g _ allel, as shown in Fig. 61, between the 

•' mains" from the generator. (They are, 
J of course, the only connections between 

these mains.) If each lamp in Fig. 61 
has a resistance of 140 ohms, what is the 
resistance between the mains when one 
lamp is burning ? What when two lamps 
are burning? What in general is the 
effect on the current of turning on more 
lamps (a) on the amperes needed and (b) 
on the resistance of the circuit ? 

9. Arc-lamps are usually connected in 
series. If the resistance of each lamp is 
5 ohms (this includes the resistance of 
the arc) and each requires 10 amperes, what must be the 
E. M. F. and what the current strength to work 8 lamps ? 




Fia. 61. 



ELECTRICITY. 163 

LXXI. FALL OF POTENTIAL. 

1. A meter of German-silver wire and a meter of copper 
wire of the same size are set into an electric circuit in 
series. It is found that there is the same fall of potential 
between two points on the G. S. wire 7 cm. apart as be- 
tween two points on the copper wire 89.6 cm. apart. Com- 
pare the resistances of G. S. and copper. 

2. The terminals of a cell whose E. M. F. is 1.08 volts 
are connected by a wire 1 meter long. 

(a) What is the potential difference between one ter- 
minal and a point on the wire 50 cm. distant ? 

(b) A point 80 cm. distant ? 

(c) If the resistance of the wire is 2.4 ohms, what is the 
resistance of the section of the wire between the terminal 
and a point 80 cm. from it ? 

E 

3. From the law = -~ show that in any circuit through 

which a current is flowing the resistance of any portion 
of the circuit is proportional to the fall of potential along 
that portion. 

4. In Fig. 62 a current flowing from C is divided at A into 
two portions ADB and AEB. The potential difference 




E 
Fig. 68. 

between A and B is one volt, (a) How, then, must the 
resistances of ADB and AEB compare in order that the 
current may be the same in both branches ? (b) If ADB 
has a resistance of 2 ohms to the foot and AEB of 1 ohm, 
what must be the ratio of their lengths when the current 
is the same in both ? (c) How does the sum of the cur- 
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rents in ADB and AEB compare with the original current 
inC^? 

5. Under the conditions of Prob. 4 what point of ADB 
has the same potential as the middle point of AEB ? 
What deflection would be shown by a galvanometer con- 
necting these points ? 

6. If the resistance of two thirds of ADB is 6 ohms, 
what is the resistance of two thirds of AEB and what of 
the remaining third of each ? Write a proportion be- 
tween these four resistances. 

7. If four fifths of the current in CA flows through 
ADB and one fifth through ABB, how many times as 
great is the resistance of AEB as that of ADB? In 
which branch is there the greatest fall of potential ? 

8. Let EB (Fig. 63) have a resistance of 1 ohm and BD 
of 9 ohms. Let ED be 60 cm. 
long. Find the position of a 

point P on ED having the ^ C 

same potential as the point B, fig. 63. 

and write a proportion connecting the four resistances 
EB, BD, EP, and PD. 

52. Wheatstone Bridge. — Two common forms of this appa- 
ratus are in use, (a) the wire bridge and (6) the box bridge. 




Fig. 64. 
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There is also a form of the bridge similar to the diagram of 
Fig. 64. 

53. Wire Bridge.— A diagram showing the principle of the 
Wheatstone Bridge is given in Fig. 64. The relation which must 
exist if Q is to show no deflection on closing the keys is 

x M x R 

= ~ or — = 



R N 



M N 



The values of 22, if, and N being known, x may be calculated. 

In the wire bridge the sides CP and CD are replaced by a wire 
of uniform size, and the point P is chosen so that there is no 
deflection. It then follows that 



x 
R : 



length CP 



length PD 

The connections of a slide-wire bridge are shown in Fig. 65. 
The letters are the same for corresponding points as in Fig. 64. 




Fig. 65. 

Note. — In all problems CD is assumed to be one meter long. 
Thus if CP equals 40 cm., then PD equals 60 cm., etc. The scale 
is supposed to read from at C to 100 cm. at D in all cases. 

LXXII. WIRE BRIDGE. 

1. If R (in diagram, Fig. 65) reads 40 ohms, and CP = 20 
cm. when O shows no deflection, what is the value of a? 

2. In the case of Prob. 1, if R were changed to 60 ohms, 
where would P be ? Where if R = 20 ohms ? 

3. When Re qualed 2.8 ohms, P was found at the 50-cm. 
mark. What was the value of x, and where must P be 
placed if R is changed to 3 ohms ? 
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4. If P is at the 40-cm. mark in a certain experiment 
when R = 10 ohms, where should it be if R and x change 
places ? If in an experiment this should not be exactly 
true, how may the discrepancy be explained, and what is 
the value of making the exchange ? 

5. Find the correct value of x from the following 
record : 

With x at right of bridge, R = 30, P at 54.2 cm. 
With x at left of bridge, R = 30, P at 45.6 cm. 

6. The following is the record of an experiment to de- 
termine the increase of resistance of a certain coil of 
copper wire when heated : 

CP PD R 

At 3° C 44.1 cm. 55.9 cm. 1 ohm. 

At 51° C 48.6 cm. 51.4 cm. 1 ohm. 

Determine the increase in resistance per one degree, and 
also the ratio which this bears to the resistance at 3° C. 
(See § 49.) 
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Fig. 66. 

54. Box Bridge. — Fig. 66 represents one of many forms of the 
Box Bridge for the measurement of resistance. The three por- 
tions DPj MN and MG consist of heavy brass blocks connected 
by plugs, which, when withdrawn, insert in the arms the resist- 
ances shown by the numbers on the diagram. The student will 
notice that the current entering at C may reach A by two paths, 
namely, CXDA and GMNPA, The arrangement will be easily 
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understood from the following diagram, which may be considered 
as Fig. 66, spread out. 




Fig. 67. 



The arms AD and AP are called the ratio arms, and PMC the 
resistance arm. Then, as in Fig. 64, 

X AD 



PMC~ A? 
whence x can be readily computed. 



LXXIII. BOX BRIDGE. 

1. If the 10-ohm plug is taken out of AD and the 100- 
ohm plug out of AP, and sufficient plugs then withdrawn 
from PMC to cause no deflection of the galvanometer, how 
many times larger is PMC than x ? 

2. Plugs are withdrawn as follows: In AD, 10; in AP, 
100; in PMC, 100, 20, 10, 10, 1. No deflection of the 
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galvanometer is then observable. What is the resistance 
of s? 

3. In AC, 1; in AP, 10; x is known to be 23.1 ohms. 
What plugs must be taken out of PMC to obtain a bal- 
ance ? 

4. If in Prob. 3 the 10-ohm plug had been taken out of 
.iCand the 100-ohm plug out of A P, what would then 
have been the needed resistance in PMC? 

5. State an arrangement of the plugs to measure a large 
resistance, as 8217 ohms. 

6. What would be the effect of exchanging the connec- 
tions of the galvanometer with those of the battery ? Illus- 
trate your answer by an experiment to measure a coil of 
27.9 ohms, stating the proportion in each case. 

7. It is desired to measure the exact resistance of a coil 
whose value is known to be between 40 and 41 ohms. To 
how many decimal places can the value be obtained in each 
of the following cases : 

(a) 10 ohms out of AD; 1 ohm out of AP. 

(b) lohm " " : 10 " " " 

(c) 10 " " " ; 100 " " " 

Is there any choice between these three arrangements, 
and, if so, which is the best ? Why ? 

8. How would you arrange the box so as to make the 
most accurate determination of the value of a coil whose 
resistance is between 100 and 101 ohms ? 

LXXIV. INTERNAL RESISTANCE. 

Method of Opposition. 

1. Two similar cells are joined so as to oppose each 
other, and when tested no current flows. They are then 
set into a Slide-wire Bridge, and the following data are ob- 
tained : Length of bridge wire adjacent to the batteries, 
42 cm. ; wire adjacent to resistance-box, 58 cm. ; resistance- 
box, 19.4 ohms. Find the internal resistance of one cell. 
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2. A test of two other cells by the same method gave the 
following results, from which the internal resistance of one 
cell is to be computed: Wire adjacent toz, 56.6 cm., wire 
adjacent to box 43.4 cm. Box reads 48.2 ohms. 

Mance's Method — For Internal Resistance. 




Flo. 68. 

Note. — In this method the battery replaces the unknown re- 
sistance, the galvanometer replaces the battery, and a key the 
galvanometer. A portion of the current will flow through the 
galvanometer all the- time, causing a deflection, but when i£, a, 

and b are so adjusted that — = ■=, the deflection of thegalvanom- 

xv 

eter will not be changed by closing the key K. The student 
should point out the exact reason for this. This method is not 
very reliable, owing to changes in the cell which affect its resist- 
ance during the progress of the experiment. 

3. Find the internal resistance of B (Fig. 68) when R is 
20 ohms, a is 46 cm. and b 54 cm., if the galvanometer 
shows a constant deflection of 36° whether the key is open 
or closed. 

4. The same when R is 10 ohms, a 58 cm., and b 42 cm. 

Ohm 9 8 Method — For Internal Resistance. 

Note. — Connect in series a battery whose internal resistance is 
to be measured, a tangent galvanometer (see § 56), and a resist- 
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ance-box. If B is the resistance of the battery, E its E. M. F., g 
the resistance of the galvanometer, and &, (7,, etc., the current 
strengths when the box reads n, r s , etc., then 

ft = p , ^ _■ „ i ft = n.- . „ , etc. 
-o+fi+0 B+r* + g 

Dividing the first equation by the second, 

C»_ B + r, + g 

c, b + r, + er' 

from which B may be computed. This method is not very exact, 
as the £. M. F. of the cell cannot be kept exactly the same during 

the progress of the experiment. The ratio ~ may be determined 

by comparing the tangents of the angles of deflection merely. (See 
table on page 191.) 

5. In a determination of internal resistance by Ohm's 
method the following record was obtained: 

Angle of Deflection. Gal. R. r (box). 

1st Case 30° 2 ohms. 18 ohms. 

2d Case 27° 2 " 24 « 

Compute the value of B by the formula above. 

6. Another experiment gave — 

Angle of Deflection. Gal. R. r (box). 

1st Case 43° 10 ohms. 12 ohms. 

2d Case 40° 10 " 16 « 

Compute the value of B. 

55. Current. — Instruments for the direct measurement of cur- 
rent strength are called ampere-meters or ammeters. For a de- 
scription of them the student is referred to text-books of Elec- 
tricity. The principle on which the action of an ampere-meter 
depends is that of a galvanometer of low resistance. The scale is 
graduated so as to read directly the number of amperes. 

Two chief methods, aside from the use of an ampere-meter, for 
the measurement of strength of current are available for elemen- 
tary work : (a) the tangent galvanometer and (6) electrolysis. 

56. Measurement of Current by Tangent Galvanometer. — 
A tangent galvanometer consists essentially of a coil of wire 
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placed vertically with its plane in the magnetic meridian and 
having at its center a short magnet free to turn in a horizontal 
plane. 

The current strength flowing about the coil is then proportional 
to the tangent of the angle of deflection of the magnet. 

Note. — A table giving the value of the tangent of angles from 
1° to 90° will be found on page 191. The tangent of an angle ex- 
pressed in degrees and minutes may be found by interpolation. 
Thus, to find the tangent of 40° 45'. The tangent of 40° is .839, 
and of 41° is .869. The difference is .030. The given angle is £J 
of the way from 40° to 41°. U x .030 = .022 + , which added to 
.839 gives .861, the tangent of 40° 45'. 

For explanation of the meaning of the term tangent of an angle 
the student is referred to text-books on Trigonometry or to the 
Dictionary, article " Function." 

To compare the strengths of two currents we have only to ex- 
press the ratio of the tangents of the angles of deflection observed 
when each current is sent through a tangent galvanometer. Thus 
if current & causes a deflection of 35° and tf a a deflection of 42°, 
then by reference to the table we have 

Ci _ tan 35 .700 
C a ~~ tan 42 ~" .900* 

If, however, we wish to measure the actual strength of a cur- 
rent either in absolute units or in amperes (see § 40), we must 
use a more complicated formula. For the proof of this formula 
the student is referred to advanced text-books. 

Let Hbe the force in dynes exerted in a horizontal plane by the 
earth on a unit magnetic pole (see § 35). 

Let r be the radius in centimeters of the galvanometer coil ; n 

the number of turns of wire in the coil, and a the number of 

degrees in the angle of deflection. Then, in absolute (0. G. S.) 

units, (see § 40), 

Hr 
C = - — x tana; 
2;rn 

or in amperes, (§ 41) 

C = ( H^) tan a. 

\ 2^n/ 
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Mr 

The expression - — is called the redaction factor of the gal- 
vanometer. It will be seen that this factor will vary with the in- 
tensity of H and with the proportions of the particular instrument 
employed. 

The values of H vary widely from place to place, and somewhat 
even within small areas. .1823 dynes is given by Thompson as 
an average value of H in London in 1890. 

LXXV. TANGENT GALVANOMETER. 

1. Compare the currents which when flowing through a 
tangent galvanometer cause deflections of 20° and 45° 
respectively. 

2. How many times as large is a current which causes 
a deflection of the needle of a tangent galvanometer 
through 42° as one which gives a deflection of 61° ? 

•3. One cell is employed to send a current through a re- 
sistance of 50 ohms and a tangent galvanometer, and the 
observed deflection is 50°. Another cell of a different 
construction is then substituted, and the deflection is re- 
duced to 44°. What decimal part of the first cell's cur- 
rent does the second afford ? 

4. A cell whose E. M. F. is 1 volt and internal resistance 
5 ohms sends a current through a tangent galvanometer 
whose resistance is .5 ohm. The observed deflection is 
40°. What will be the deflection if 25 ohms additional 
resistance are inserted in the circuit ? 

5. The internal resistance of a cell may be measured by 
means of a tangent galvanometer. (See pp. 169-70.) The 
resistance of a galvanometer was 1 ohm. A current from a 
cell passing through the galvanometer and a resistance- 
box reading 2 ohms gave a deflection of 46°, which fell to 
42° when the box-resistance was made 3.3 ohms. What 
was the internal resistance of the battery ? 

Suggestion. — Find by the tangents of the angles the ratio of 
the current strength in the two cases. This ratio equals the in- 
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verse ratio of the total resistances of the two cases. From this 
proportion find B, the internal resistance. 

6. If a certain galvanometer shows a deflection of 35° 
when one ampere-current flows, what deflection will it 
show when a 1.5 ampere-current flows ? 

7. What effect on a deflection of 50° will be made by 
doubling the E. M. F. of the circuit and multiplying the 
total resistance of the circuit by .4 ? 

8. The coil of a tangent galvanometer has a radius of 
10 cm. and ten turns of wire. Using the formula 

amperes = (-= J tan a, 

find the current strength indicated by a deflection of 45° 
at a place where H equals .18 and when all ten turns of 
the coil are used. 

9. What will be the strength of the current of Prob. 8 
in absolute units ? 

10. A tangent galvanometer for measuring large cur- 
rents is composed of a single turn of heavy copper wire 
bent into a circle 30 cm. in diameter. Find the current in 
amperes indicated by a deflection of 41°. 

11. Find the reduction factor for amperes of a galva- 
nometer of 15 cm. radius; 50 turns of wire at a place 
where H = .17. 

12. Given .09 as the reduction factor of a galvanometer 
for amperes, find the current flowing when a deflection of 
36° is obtained. 

13. What current must flow to cause a deflection of 52° 
in the galvanometer of Prob. 12 ? 

LXXVI. MEASUREMENT OF CURRENT BY 
ELECTROLYSIS. 

Note.— The principles of Electrolysis have already been given 
in § 44, where a table of Electrochemical equivalents will also be 
found. 
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A few additional problems are here given to show the useful- 
ness of the process for the measurement of current. 

1. A current was found to deposit on the plate of a cop- 
per voltameter .5 gm. of copper per hour. What was the 
current flowing ? 

2. Two vessels containing each a solution of nitrate of 
silver are placed in series in a circuit, and at the expira- 
tion of 40 minutes it is found that the electrode in one 
has gained .06 gm. in weight and the other .062 gm. 
Compute the average current strength. 

3. Find the current required to deposit 1 gm. of copper 
in two hours; also to deposit 1 gm. of zinc in the same 
time. (See page 154 for further problems on Electrolysis.) 

57. Measurement of Electromotive Force.— Instruments for 
the direct measurement of E. M. F. are called voltmeters. For 
the description of them the student is referred to text-books of 
Electricity. The voltmeter is essentially a high-resistance gal- 
vanometer, whose scale is graduated so as to read directly in 
volts. The voltmeter is connected as a shunt between the points 
whose potential difference is to be measured. 

The following list gives the average E. M. F. of some cells in 
common use : 

DanielVs 1.079 volts. 

Leclanche* 1 .40 

Bunsen 1.90 

Grove 1.90 

Grenet 2.10 

Clark Standard at 15° 1.434 

Carhart-Clark Standard at 15° C 1.440 

A Daniell's cell in good condition is quite constant for the time 
usually taken for a simple experiment, and its E. M. F. may there- 
fore be used as an approximate standard as 1.08 volts. For more 
accurate use either a Clark Standard (whose construction is care. 
fully specified by law) or the Carhart-Clark Standard is used. 

The measurement of E. M. F. by methods available for begin- 
ners is not easy, and only approximate results are obtainable with- 
out elaborate apparatus. 
Several methods are illustrated in the following problems : 
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58. E. M. F. by Comparison. — Connect in series as shown in 
Fig. 69 a galvanometer, cell 2?i, 
resistance-box, and (with re- 
versing key K), the other cell 
2? a . Let Bx and 2? a be connected 
first so that their E. M. F.'s rein- 
force each other. Adjust R to 
obtain a convenient deflection 
of the galvanometer. Then if 
Bx and B» be the internal resis- 
tances, 



S^ 



Fig. 69. 



(i) 



e.= 



Ex -f- Ei 



Bx+Bi + G + R 



By means of the key reverse the direction of the current from 
B*. Leave R unchanged. Then 



(2) 
Divide (1) by (2): 



tf 9 = 



Cx 



Ex- 


-J? a 


Bx+B* 


+ G + R 


Ei -f- E* 





Ex — Ei 
By substituting the tangents, of the angles of deflection, a x and 

a* for Cx and C% respectively, we obtain the value of the ratio 79, 

and have the formula 

tanai _ Ei + E a 
tan a, ~~ Ei — E a ' 

From this formula the E. M. F. of one cell may be found in 
terms of the other, i.e. , if one is known the other may be found. 
Thus, if Bx is a cell whose E. M. F. is 1 volt, and the two currents 
when supplementing each other give a deflection of 42° and when 
opposing 85°, then 

tan 42° __ MM) 1 + E, 
~^ .700 " 



or 



tan 35° 

1.285 + = 



1-E* 1 

1 +E, 
I -El 



whence is found E* = .12 + voits. 
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LXXVII. E. M. F. BY COMPARISON. 

1. If the galvanometer shows 29° deflection (see Pig. 69) 
when the cells supplement each other, and 15° when they 
oppose each other, how many times as great E. M. F. has 
B % as BJ 

2. If the galvanometer shows a deflection of 40° when 
the cells send currents in the same direction, and 20° when 
they oppose each other, express the ratios of their E. M. F/s. 

3. If the cell B x (Fig. 69) is known to have an E. M. F. 
of 1.2 volts, and if the angles of deflection of the supple- 
menting and opposing currents are respectively 45° and 18°, 
what is the E. M. F. of cell B t ? 

4. Draw a diagram to show how you would connect two 
cells and a galvanometer so as to prove the E. M. F. of one 
greater than that of the other, and state how you could 
discover which cell had the greater E. M. F. 

5. If two cells whose E. M. F/s are 1 volt and 1.5 volts 
respectively give a deflection of 40° when sending their 
currents in the same direction, what angle of deflection 
would they give in opposition, the total resistance of cir- 
cuit remaining unchanged ? 

59. E. M. F. by Method of Reduced Deflection.— Let a bat- 
tery, resistance-box, and galvanometer be connected in series as in 




Fig. 70. 

Fig. 70, and R be the adjusted until some convenient deflection, as 
a, be obtained. Then, if g and b be the resistances of the galva- 
nometer respectively, 

B + g + b 
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If now R be increased by the addition of R! ohms, the deflection 
will be decreased to a', and the equation will become 

(2 > G °' = x + j?l g + b - 

Replacing B by a cell, S y whose E. M. F. is known (a standard 
cell) and adjusting R until it becomes i2«, we again obtain a deflec- 
tion a, then reduce by the addition of R" until we again have a\ 
we obtain equations (3) and (4), 

"*- R, + g + b 8 

and OJ = 



Eg 



Ri + R" + g + b s ' 

Since the deflections obtained were equal, the currents were 
equal, and 

En Es 



R + g + b Rt + g + bg' 
also E B _ Eg 



R + R! + g + b R* + R" + g + bg' 

Inverting each equation and subtracting the first from the second 
we obtain (if 6 and b 8 are equal or both small in comparison with 
the other resistances) 

tin tsg 

from which E B may be computed. 

LXXVIII. E.M.F. BY REDUCED DEFLECTION. 

1. A circuit was made as in Fig. 70 and a deflection of 
40° obtained when R = 5 ohms. An increase of 3.2 ohms 
caused the deflection to fall to 35°. The resistance of the 
battery was 2 ohms, and the galvanometer 15 ohms. When 
a Daniell's cell whose E. M. F. was known to be 1.08 volts 
was put in the place of B a resistance of 7 ohms in R gave 
a deflection of 40°, and a resistance of 10.8 gave a deflec- 
tion of 35°. What was the E. M. F. of the first cell ? 

2. Compare the E. M.F/s of two cells if a change of 10 
ohms in the resistance of the circuit arranged as in Fig. 70 
produces a decrease of 10° in the galvanometer reading 
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when one cell is used, and a change of 12 ohms is required 
to produce the same change when the other cell is used. 

3. A standard cell (E. M. F. 1.440) is used as in Fig. 70, 
and the galvanometer reading changes 15° when the resist- 
ance is increased from 600 to 650 ohms. What is the 
E.M. F. of a cell which requires the resistance to be 
changed from 500 to 540 ohms to produce the same differ- 
ence in the galvanometer readings ? 

4. A cell whose £. M. F. is known to be 1.08 volts and 
internal resistance 3 ohms is connected in series with a 
resistance-box reading 50 ohms and a tangent galvanometer 
whose resistance is 4 ohms. The deflection is then observed 
to be 45°. 

(a) Write the equation for C l9 the current flowing in the 
circuit. 

(b) If a cell of resistance 3 ohms and unknown E. M. F. 
is substituted for the standard cell, how must the resist- 
ance-box reading be changed so as to make the total resist- 
ance of the' circuit the same as before? 

(c) Show that if when this change is made the galvanom- 
eter reads 40°, then 

E. M.F. of standard cell tan 45° 
E. M. F. of tested cell ~~ tan 40°' 

(d) From the data given find the E. M. F. of the un- 
known cell. 

(e) Find the current in amperes furnished by each cell. 

60. E. M. F. by Potentiometer and Standard Cell. — SS 9 

(Fig. 71) is a thin German silver wire stretched over a scale di- 
vided into 2000 equal divisions. C is a Clark Standard cell whose 
E. M. F. is 1.434 volts. It is connected through a galvanometer 
G with S and the wire at the 1434 division at O. The Clark 
cell is balanced by another cell B connected with a sliding con- 
tact at M in opposition to C. Balance is obtained when O shows 
no deflection. The difference of potential between A and O is 
now equal (and opposite) to the difference of potential between 
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the terminals of the Clark cell, and the potential falls uniformly 
from S to 0. Now connect one pole of the battery x, to be meas- 
ured between the galvanometer and the Clark cell, and by a 

l«*n SB" 




Fia. 71. 

sliding contact find a point P (say at the 980 mark), such that 
the balance is undisturbed. Then 8P has the difference of poten- 
tial due to the E. M. F. of x, and 

E. M. F. of x = T V& of the E. M. F. of C, 

or E. M. F. of x = 9.80 volts. 



LXXIX. E. M. F. BY POTENTIOMETER. 

1. If in place of O in Fig. 71 a cell of E.M.F. 1.079 
volts were substituted and were placed at the 1079 mark, 
what would be the E. M. F. of a cell which when placed as 
x required P to be at the 1000 mark to obtain balance ? 

2. Using the Clark cell (E. M.*F. 1.434) and placing at 
the 1600 mark, show how you would find the E. M. F. of x 
if P were located at the 800 mark. 

3. If x were half the E. M. F. of C, show what positions 
of and P would obtain a balance. 

4. If the position of be changed from 1434 to 1500, in 
which direction would M have to be moved in order that B 
and C may balance ? Why ? 

61. Work and Activity (Power) of an Electric Current 

{see §§ 49 and 50 ; also § 95)— Definitions. — Work ; energy ; ac- 
tivity (or power) ; Joule ; Watt ; efficiency. 

The Joule represents an amount of energy expended. Com- 
pare the Joule and the foot-pound. 
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The Watt represents the rate at which work Is done. Compare 
the watt with the erg and the horse-power. 

Joules = coulombs x volts. 
If Q is the quantity of electricity flowing in t seconds, then 

«=<*; 

and since the work done is measured by the product of the quan- 
tity of electricity transferred and the difference of potential, or 

Work = QE = CM, 

the activity and power of the current is the work done in one 
second or power, 

Le., the activity of a current in ivatts is measured by the product 
of the current by the difference of potential, 

Watts = amperes x volts. 

Since E = CR (Ohm's law), we may write 

One Watt equals ^ horse-power, i.e., 746 watts = 550 foot- 
pounds per second. 

LXXX. ENERQY OF AN ELECTRIC CURRENT. 

1. How many watts are expended in maintaining a cur- 
rent of 6 amperes between two points whose difference of 
potential is 10 volts ? 

2. The potential difference between the terminals of an 
incandescent lamp is 110 volts, and .5 ampere is required 
to light the lamp. What energy is absorbed in the lamp ? 

3. If a dynamo furnishes the energy consumed by 100 
lights, each taking .5 ampere at 110 volts, what is the total 
power furnished by the machine ? 

4. A dynamo receives 400 horse-power of energy from 
an engine. If no energy were lost how many watts should 
the dynamo deliver ? 
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5. If an incandescent light requires .5 ampere at 110 
volts and gives a light of 16 candle-power, what energy 
does it consume per candle-power ? 

6. An arc light requires a current of 10 amperes. A 
voltmeter connecting its terminals reads 50 volts. What 
is the energy absorbed per candle-power if the lamp devel- 
ops 1200 candle-power? 

7. From the formula W= RC* find the energy in watts 
necessary to cause a 3-ampere current to flow through a 
conductor whose resistance is 8 ohms ? 

8. The wire loss of an electric motor is 192 watts (i.e, 
that amount of energy is used in forcing the current 
through the wire of the circuit). If the resistance is 12 
ohms, what current flows ? 

9. What current flows through 2000 ft. of No. 18 copper 
wire (6.536 ohms per 1000 ft.) when the E.M.F. is 50 
volts ? What is the energy developed by the current ? 

10. A wire delivers a current of 15 amperes and the dif- 
ference of potential between its ends is .5 volt. What is 
the resistance of the wire and what is the line loss in watts? 

11. What E. M. F. is necessary to cause a 3-ampere cur- 
rent to flow through a coil of wire of 40 ohms resistance ? 
How much energy is required ? 

12. If 746 watts equal one horse-power, find the horse- 
power developed by a dynamo which sends a current of 50 
amperes through a circuit whose total resistance is 373 
ohms ? 

13. An E. M. F. of 110 volts causes a current to flow in a 
conductor whose resistance is 25 ohms. What is the cur- 
rent in amperes and what the horse-power developed ? 

14. A dynamo can generate a current of 2000 volts 
E. M. F. If it send the current through a series of arc- 
lamps, each requiring 40 volts and 15 amperes, (a) what is 
the resistance of the circuit ? (b) How many lamps are 
used when the dynamo has its full load if the line and dy- 
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namo loss (i.e., of connecting wires and wire of dynamo) 
is 40 volts ? (c) What is the total ontpnt of the dynamo 
in watts ? 

15. The resistance of an incandescent lamp when hot is 
140 ohms. If it is connected in a circuit whose E. M. F. is 
110 volts, what current flows through the lamp and what 
energy in watts does the lamp consume ? What in horse- 
power? 

16. If 10 lamps like that of Prob. 15 are connected in 
multiple arc across a main line where the difference of po- 
tential is 110 volts, what is the total current consumed and 
what energy in watts is required ? 

17. Eight incandescent lamps, the resistance of each of 
which was 80 ohms, were connected in series. If each 
lamp requires .6 ampere, what must be the E. M. F. of the 
current when the resistance of the line was 2 ohms ? 

18. I have a dynamo capable of furnishing a current of 
120 volts. If the internal resistance is 15 ohms, the ex- 
ternal 25 ohms, what is the current produced and what is 
the line loss in volts if the lead wires constitute 10 ohms of 
the 25 external resistance ? 



CHAPTER XIII. 

62. Graphic Method for Showing Results.— The student is 
referred to text- books or lecture notes for explanations of the 
Graphic Method. The following exercises are given to afford 
practice in plotting curves and in reading data from given 
curves. 

In Problems 16 to 36 it is expected that the student will use the 
data obtained by his own experimenting and recorded in his 
laboratory note-book or data furnished by the teacher. In every 
case the student should examine the curve carefully and state 
all the conclusions deducible from its form. The various physi- 
cal coefficients may be studied from such curves with especial 
profit. 

Some care must be taken in plotting curves to choose such 
proportions as will bring the curve to a convenient size and 
shape. Need one square of the paper represent the same number 
of units in both horizontal and vertical directions ? Why ? 

LXXXI. PLOTTING CURVES. 

Plot the following curves from the given coordinates: 

Abscissae. Ordinates. 

1. 

3 5 

9 15 

13.5 22.5 

21.3 35.5 






1.0 


2 


1.5 


10 


2.0 


-5 


0.0 


-8 


-0.6 
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9.4 


2.9 


6.8 


5.0 


5.0 


8.0 


2.5 


.5 


0.0 


.7 


5.0 


1.4 


8.0 


4.0 


13.0 


7.0 


15.8 


15.0 


19.0 


2.0 


2.0 


5.0 


3.0 


9.0 


6.0 


11.5 


10.0 


13.0 


13.0 


18.0 


16.6 


20.0 


17.0 


23.0 


17.1 



6. When the length of a rectangle was 76 mm. the 
width was 10 mm. The length became 14 mm., and the 
width was then found to be 40 mm. If the values of the 
sides may be always expressed by the coordinates of points 
in a straight line, plot the line and state the width when 
the length was 50 mm. 

7. In the previous problem what was the width when 
the length was 100 ? when it was 1 ? What was the 
length when the width was 20 ? 

8. How many units of length were gained for every 10 
units of width lost ? 

9. Kead Prob. 6, changing 76 mm. to 76 cm. Does the 
curve plotted before still represent the conditions per- 
fectly ? 

10. Plot a straight line such that it shall gain 3 units as 
abscissae for every unit gained as ordinates. 



PROBLEMS IN ELEMENTARY PHYSICS. 185 

11. Express the ratio of the "upward gains" to the cor- 
responding "horizontal gains" for three different portions 
of the line. How do the three ratios compare in value ? 

Note. — The ratio just expressed is sometimes called the " slope 
of the curve." Students of trigonometry will notice that it is 
the tangent of the angle made by the " curve" with the axis of 



The teacher will do well to show how the slope of a real curved 
line at any point may be expressed by drawing the tangent to 
the curve at the point. 

12. Determine the slope of the curve of Probs. 1 and 2. 

13. Determine the slope of the curve of Prob. 4 at the 
third given point. 

14. The area of a circle varies with the square of its 
diameter. Plot a curve to show the relation of area to 
diameter in a circle whose successive diameters are 1, 2, 3, 
4, 5, and 6. 

15. Find the slope of the curve just plotted at the di- 
ameters 1, 2, and 5. At which point does the area change 
most rapidly for a given increment of diameter ? 

In the following problems the data of the student's note-book 
should be used. 

Show graphically the relations existing between two changing 
conditions by plotting the successive values of one condition as 
abscissae and the other as ordinates : 

Properties of Solids. 

16. Breaking-strength (under tension) of round rod and 
its diameter. 

17. Breaking-strength (under transverse forces) of rec- 
tangular rod and its thickness. 

18. Plot on same paper for an elastic rod subjected to 
transverse force — 

(a) Amount of flexure and length; 
(J) " " " " width; 
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(c) Amount of flexure and thickness; 

(d) « " u « force applied. 

Hydrostatics and Pneumatics. 

19. Depth and pressure in liquid. 

20. Pressure and volume of a gas (Boyle's Law) for 
pressures more than one atmosphere, and sketch a con- 
tinuation of the curve for pressures less than one atmos- 
phere. 

21. Boyle's Law for pressures less than one atmosphere 
from actual records. 

Falling Bodies. 

22. Space and time. 

23. Velocity and time. 

24. Velocity and space. 

25. Length of pendulum and time of one oscillation. 

Friction. 

26. Friction between two surfaces and the pressure be- 
tween them. 

Heat. 

27. Centigrade and Fahrenheit scales. 

28. Errors and observed readings of a thermometer at 
zero, boiling, and four points between them. 

29. Density and temperature of water (see table on 
page 188). 

30. Cooling curve for water (time and fall of tempera- 
ture). 

31. Boiling-point of water and the pressure. 

Sound. 

32. Velocity of sound in air and the temperature. 

Electricity. 

33. Calibration of an astatic galvanometer by comparison 
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with a tangent galvanometer. Tangent readings as ordi- 
nates; astatic readings as abscissas. 

34. Polarization of single fluid cell in 5 minutes time; 
intervals of 30 sees. 

35. Besistance of coil of copper wire and its temperature 
from 0° to 80°. 

TABLES. 

BREAKING STRENGTHS (Approximate). 

Tons per Kgm. per 

sq. inch. eq. cm. 

Brass (wire) 22 3100 

Copper (wire 28 4000 

Glass 2-4 3C0-6OO 

Iron (cast) 7 990 

" (wrought) 25 3500 

Oak 3-7 420-990 

Eope (hemp) 3 420 

Steel (cast) 28 4000 

" (rails) 30-45 4300-6300 

u (piano wire) 150 21000 

SPECIFIC GRAVITIES. 



Metals : 

Aluminum 2.7 

Brass 8.4 

Copper 8.9 

Gold 19.3 

Iron (cast) 7.5 

" (wrought) . . 7.8 

Other Solids : 
Glass (crown). ... 2.5 

" (flint) 3.6 

Beech 8 

Cherry 7 

Paraffine 9 



Lead 11.3 

Platinum 21.4 

Silver 10.4 

Steel 7.8 

Tin 7.3 

Zinc 7.1 

Cork 24 

Granite 2.7 

Sulphur 2.0 

Ice 9 

Bricks 1.7 
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Liquids : 

Mercury 13.6 

Alcohol JB 

Sulphuric acid. . . L.8 

Nitric u ... 1.5 

Milk 1.032 



Sea-water 1.026 

Ether 73 

Glycerine 1.26 

Keroeene 8 



Water at Various Temperatures (C): 



At 0° (solid ice) .999 

" 4° 1.000 

* 8* 999 

" 20° 998 

u 30° 995 

« 40° 992 



At 50°. 
" 60°. 
u 70°. 
u 80°. 
" 90°. 
"100°. 



.988 
.983 
.977 
.971 
.965 
.958 



HEAT TABLES. 



Sul 



Bran 

Gold 

Iridium 

Iron, cut 

" wrought. . 

Lead 

Platinum 

Silver 

Steel 

Glass 

Water... .... j 

Alcohol 

Mercury 



Coefficient 
Cubical 

Expansion, 
0M«r\ 



.000057 
.000045 
.000019 



.000036 
.000087 
.000026 
.000057 
.000036 

.000025 

.00048 

av. 0°-100° 

.00104 

.00018 



Melting- 
point 

(approxi- 
mate). 



Mean 

8pecific 

Heat, 

Water-gin. 



1015 
1200 
1950 
1100 
1500 

335 
1775 

950 
1400 

400 

h I 

-130.5 

-88.8 



Lat. Heat 

of Fusion, 

Water-gin.- 

degree. 



.094 



.113 
.106 
.031 
.032 
.056 
.120 

.190 

1.000 

ice .504 

.6 



5.4 
27.2 

24.7 
21.1 



80 
2. 



Lat. Heat 
of Vapori- 
zation, 
Water-gm.- 
degree. 



537 



1 volume of water yields 1696 volumes of vapor. 
1 •« " alcohol " 528 " tf " 
1 " •« ether " 298 " " " 
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VALUES OF BROWN * SHARP E WIRC-CAUQE NUMBERS. 



Number. Diameter, mm. 
000 10.405 



00. 
0. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 



9.266 

8.254 

7.848 

6.544 

5.827 

5.189 

4.621 

4.115 

3.65 6 

3.264 

2.906 

10 2.582 



11. 
12 
13. 
14. 
15. 



2.305 

, 2.058 

1.828 

1.628 

, 1.459 

16 1.291 

17 1.150 



Number. 
18. . . . 
19.... 
20 ... 
21.... 



24.. 
25.. 



27. 



80. 
31. 
32. 
33. 
S4. 



Diameter, mm. 

1.024 

0.912 

0.812 

0.723 

0.644 

0.573 

0.511 

0.455 

0.405 

0.3(51 

0.321 

0.286 

0.255 

, 0.227 

0.202 

0.180 

....... 0.160 



35 0.143 

86 0.127 

37 0.113 
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TABLE OF NATURAL SINES. 



Arc. 


Sine. 


Arc. 


I 
SUe. 


Arc 


t 

Sine. 


Arc 


Sine. 


# 


.000 


23° 


.391 


46° 


.719 


69° 


.934 


1 


.017 


24 


.407 


47 


.731 


70 


.940 


2 


.085 


25 


.423 


48 


.743 


71 


.946 


8 


.052 


26 


.438 


49 


.755 


72 


.951 


4 


.070 


27 


.454 


50 


.766 


73 


.956 


5 


.087 


28 


.469 


51 


.777 


74 


.961 


6 


.105 


29 


.485 


52 


.788 


75 


.966 


7 


.122 


30 


.500 


53 


.799 


76 


.970 


8 


.189 


31 


.515 


54 


.809 


77 


.974 


9 


.156 


32 


.530 


55 


.819 


78 


.978 


10 


.174 


33 


.545 


56 


.829 


79 


.982 


11 


.191 


34 


.559 


57 


.839 


80 


.985 


12 


.208 


35 


.574 


58 


.848 


81 


.988 


13 


.225 


36 


.588 


59 


.857 


82 


.990 


14 


.242 


87 


.602 


60 


.866 


83 


.993 


15 


.259 


88 


.616 


61 


.875 


84 


.995 


16 


.276 


89 


.629 


62 


.883 


85 


.996 


17 


.292 


40 


.643 


63 


.891 


86 


.998 


18 


.309 


41 


.656 


64 


.899 


87 


.999 


19 


.826 


42 


.669 


65 


.906 


88 


.999 


20 


.842 


43 


.682 


66 


.914 


89 


.999 


21 


.858 


44 


.695 


67 


.921 


90 


1.000 


22 


.875 


45 


.707 


68 


.927 
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TABLE OF NATURAL TANGENTS. 



Arc. 


Tangent. 


Arc. 


Tangent. 


Arc. 


Tangent. 


Arc. 


Tangent. 


0° 


.000 


23° 


.424 


46° 


1.036 


69° 


2.61 


1 


.017 


24 


.445 


47 


1.07 


70 


2.75 


2 


.035 


25 


.466 


48 


1.11 


71 


2.90 


3 


.052 


26 


.488 


49 


1.15 


72 


8.08 


4 


.070 


27 


.510 


50 


1.19 


78 


8.27 


5 


.087 


28 


.532 


51 


1.28 


74 


3.49 


6 


.105 


29 


.554 


52 


1.28 


75 


3.73 


7 


.123 


30 


.577 


53 


1.33 


76 


4.01 


8 


.141 


31 


.601 


54 


1.38 


77 


4.33 


9 


.158 


32 


.625 


55 


1.43 


78 


4.70 


10 


.176 


33 


.649 


56 


1.48 


79 


5.14 


11 


.194 


34 


.675 


57 


1.54 


80 


5.67 


12 


.213 


35 


.700 


58 


1.60 


81 


6.81 


13 


.231 


86 


.727 


59 


1.66 


82 


7.12 


14 


.249 


37 


.754 


60 


1.78 


83 


8.14 


15 


.268 


38 


.781 


61 


1.80 


84 


9.51 


16 


.287 


39 


.810 


62 


1.88 


85 


11.43 


17 


.806 


40 


.839 


63 


1.96 


86 


14.30 


18 


.325 


41 


.869 


64 


2 05 


87 


19.08 


19 


.344 


42 


.900 


65 


2.14 


88 


28.64 


20 


.364 


43 


.983 


66 


2.25 


89 


57.29 


21 


.384 


44 


.966 


67 


2.86 


90 


infinite 


22 


.404 


45 


1.000 


68 


2.48 
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FOUR-PLACE 


LOGARITHM TA 


BLES 


■ 




N 
10 
11 

12 
13 
14 

15 

16 
17 
18 
19 

20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

30 

31 
32 
33 
34 
35 
36 
37 
38 
39 





1 


2 


3 


4 


5 


6 


7 
0294 
0682 
1038 
1367 
1673 
1959 
2227 
2480 
2718 
2945 


8 


9 


0000 
0414 
0792 
1139 
1461 


0043 
0453 
0828 
1173 
1492 


0086 
0492 
0864 
1206 
1523 


0128 
0531 
0899 
1239 
1553 


0170 
0569 
0934 
1271 
1584 


0212 
0607 
0969 
1303 
1614 
1903 
2175 
2430 
2672 
2900 
3118 
3324 
3522 
3711 
3892 


0253 
0645 
1004 
1335 
1644 
1931 
2201 
2455 
2695 
2923 


0334 
0719 
1072 
1399 
1703 


0374 
0755 
1106 
1430 
1732 

2014 
2279 
2529 
2765 
2989 


1761 
2041 
2304 
2553 
2788 
3010 
3222 
3424 
3617 
3802 


1790 
2068 
2330 
2577 
2810 


1818 
2095 
2355 
2601 
2833 


1847 
2122 
2380 
2625 
2856 


1875 
2148 
2405 
2648 
2878 
3096 
3304 
3502 
3692 
3874 


1987 
2253 
2504 
2742 
2967 


3032 
3243 

OAAA 

WTR 

3636 
3820 


3054 
3263 
3464 
3655 
3838 


3075 
3284 
3483 
3674 
3856 


3139 
3345 
3541 
3729 
3909 
4082 
4249 
4409 
4564 
4713 


3160 
3365 
3560 
3747 
3927 
4099 
4265 
4425 
4579 
4728 


3181 
3385 
3579 
3766 
3945 
4116 
4281 
4440 
4594 
4742 


3201 
3404 
3598 
3784 
3962 


3979 
4150 
4314 
4472 
4624 


3997 
4166 
4330 
4487 
4639 


4014 
4183 
4346 
4502 
4654 


4031 
4200 
4362 
4518 
4669 


4048 
4216 
4378 
4533 
4683 


4065 
4232 
4393 
4548 
4698 
4843 
4933 
5119 
5250 
5378 


4133 
4298 
4456 
4609 
4757 


4771 
4914 
5051 
5185 
5315 


4786 
4928 
5065 
5198 
5328 


4800 
4942 
5079 
5211 
5340 


4814 
4955 
5092 
5224 
5353 


4829 
4969 
5105 
5237 
5366 


4857 
4997 
5132 
5263 
5391 


4871 
5011 
5145 
5276 
5403 


4886 
5024 
5159 
5289 
5416 


4900 
5038 
5172 
5302 
5428 
5551 
5670 
5786 
5899 
6010 


5441 
5563 
5632 
5798 
5911 


5453 

5575 
5694 
5809 
5922 


5465 
5587 
5705 
5821 
5933 


5478 
5599 
5717 
5832 
5944 
6053 
6160 
6263 
6365 
6464 
6561 
6656 
6749 
6839 
6928 


549J 
5611 
5729 
5343 
5955 

6064 
6170 
6274 
6375 
6474 


5502 
5623 
5740 
5855 
5966 
6075 
6180 
6284 
6385 
6484 


5514 
5635 
5752 
5866 
5977 


5527 
5647 
5763 
5877 
5988 


5539 
5658 
5775 
5888 
5999 


40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 


6021 
6128 
6232 
6335 
6435 


6031 
6138 
6243 
6345 
6444 


6042 
6149 
6253 
6355 
6454 


6085 
6191 
6294 
6395 
6493 


6096 
6201 
6304 
6405 
6503 


6107 
6212 
6314 
6415 
6513 
6609 
6702 
6794 
6884 
6972 


6117 
6222 
6325 
6425 
6522 

6618 
6712 
6803 
6893 
6981 


6532 
6628 
6721 
6812 
6902 


6542 
6637 
6730 
6821 
6911 

6998 
7084 
7168 
7251 
7332 


6551 
6646 
6739 
6830 
6920 


6571 
6665 
6758 
6848 
6937 
7024 
7110 
7193 
7275 
7356 


6580 
6675 
6767 
6857 
6946 


6590 
6684 
6776 
6866 
6955 


6599 
6693 
6785 
6875 
6964 


6990 
7076 
7160 
7243 
7324 


7007 
7093 
7177 
7259 
7343 


7016 
7101 
7185 
7267 
7348 


7033 
7118 
7202 
7284 
7364 

5 


7042 
7126 
7210 
7292 
7372 


7050 
7135 
7218 
7300 
7380 


7059 
7143 
7226 
7308 
7388 

8 


7067 
7152 
7235 
7316 
7396 


N 





1 


2 


3 


.4 


6 


7 


9 
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FOUR-PLACE 


LOG 


ARI-ft 


1M TABLES.-Contmu«*. 




N 
55 

56 
57 
58 
59 

GO 

61 
62 
63 
64 




7404 
7482 
7559 
7634 
7709 


1 


2 


3 


4 


5 


6 


7 
7459 
7536 
7612 
7686 
7760 


8 


9 


7412 
7490 
7566 
7642 
7716 


7419 
7497 
7574 
7649 
7723 


7427 
7505 
7582 
7657 
7731 


7435 
7513 
7589 
7664 
7738 
7810 
7882 
7952 
8021 
8089 


7443 
7520 
7597 
7672 
7745 
7818 
7889 
7959 
8028 
8096 


7451 
7528 
7604 
7679 
7752 


7466 
7543 
7619 
7694 
7767 
7839 
7910 
7980 
8048 
8116 


7474 
7551 
7627 
7701 
7774 


7782 
7853 
7924 
7993 
8062 


7789 
7860 
7931 
8000 
8069 


7796 
7868 
7938 
8007 
8075 


7803 
7875 
7945 
8014 
8082 

8149" 
8215 
8280 
8344 
8407 


7825 
7896 
7966 
8035 
8102 

8169 
8235 
8299 
8363 
8426 


7832 
7903 
7973 
8041 
8109 


7846 
7917 
7987 
8055 
8122 


65 

66 
67 
68 
69 


8129 
8195 
'8261 
8325 
8388 


8136 
8202 
8267 
8331 
8395 


8142 
8209 
8274 
8338 
8401 


8156 
8222 
8287 
8351 
8414 


8162 
8228 
8293 
8357 
8420 


8176 
8241 
8306 
8370 
8432 

8494 
8555 
8615 
8675 
8733 


8182 
8248 
8312 
8376 
8439 


8189 
8254 
8319 
8382 
8445 


70 

71 
73 
78 
74 
75 
76 
77 
78 

7 i 

80 

81 

82 

88 

1* 

85 
86 
87 
88 
89 


8451 
8513 
8573 
8633 
8692 

8751" 
8808 
8865 
8921 
8976 


8457 
8519 
8579 
8639 
8698 
8756 
8814 
8871 
8927 
8982 


8463 
8525 
8585 
8645 
8704 


8470 
8531 
8591 
8651 
8710 


8476 
8537 
8597 
8657 
8716 


8482 
8543 
8603 
8663 
8722 


8488 
8549 
8609 
8669 
8727 


8500 
8561 
8621 
8681 
8739 


8506 
8567 
8627 
8686 
8745 


8762 
8820 
8876 
8932 
8987 


8768 
8825 
8882 
8938 
8993 


8774 
8831 
8887 
8943 
8998 


8779 
8837 
8893 
8949 
9004 


8785 
8842 
8899 
8954 
9009 


8791 
8848 
8904 
8960 
9015 


8797 
8854 
8910 
8965 
9020 


8802 
8859 
8915 
8971 
9025 

9079 
9133 
9186 
9238 
9289 


9031 
9085 
9138 
9191 
9243 


9036 
9090 
9143 
9196 
9248 


9042 
9096 
9149 
9201 
9253 

9304 
9355 
9405 
9455 
9504 


9047 
9101 
9154 
9206 
9258 

9309 
9360 
9410 
9460 
9509 


9053 
9106 
9159 
9212 
9263 


9058 
9112 
9165 
9217 
9269 


9063 
9117 
9170 
9222 
9274 


9069 
9122 
9175 
9227 
9279 


9074 
9128 
9180 
9232 
9284 


9294 
9345 
9395 
9445 
9494 


9299 
9350 
9400 
9450 
9499 
9547 
9595 
9643 
9689 
9736 


9315 
9365 
9415 
9465 
9513 


9320 
9370 
9420 
9469 
9518 


9325 
9375 
9425 
9474 
9523 


9330 
9380 
9430 
9479 
9528 


9335 
9385 
9435 
9484 
9533 


9340 
9390 
9440 
9489 
9538 
9586 
9633 
9680 
9727 
9773 


on 
91 
92 
98 
94 

05 

96 
97 
98 
99 


9542 
9590 
9638 
9685 
9731 


9552 
9600 
9647 
9694 
9741 


9557 
9605 
9652 
9699 
9745 


9562 
9609 
9657 
9703 
9750 


9566 

9614 

9661 

9708 

9754 

9800" 

9845 

9890 

9934 

9978 


9571 
9619 
9666 
9713 
9759 
9805 
9850 
9894 
9939 
9983 


9576 
9624 
9671 
9717 
9763 


9581 
9628 
9675 
9722 
9768 


9777 
9823 
9868 
9912 
9956 


9782 
9827 
9872 
9917 
9961 


9786 
9832 
9877 
9921 
9965 


9791 
9836 
9881 
9926 
9969 


9795 
9841 
9886 
9930 
9974 


9809 
9854 
9899 
9943 
9987 


9814 
9859 
9903 
9948 
9991 


9818 
9863 
9908 
9952 
9996 


N 





1 


2 


3 


4 


5 


6 


7 


8 


9 
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TABLE OF RESISTANCE OF WIRE. 

Chemically pure, one meter long, one millimeter in di- 
ameter, at 0° C. : 

Silver 019 ohms. 

Copper 021 " 

Zinc 072 " 

Platinum 116 " 

Iron 125 " 

Lead 252 « 

German silver .269 " 

Note. — To find the resistance at t° C. the following formula 
may be used for approximate results for all except German 
silver : 

v = r.(l + .0004t). 

The coefficient, .0004, is called the " temperature coefficient of 
resistance." It has nearly the same values for most pure metals. 

The change of resistance of German silver due to rise of tem- 
perature may be disregarded in elementary work. 

TABLE OF RELATIVE RESISTANCES AT 0° C. 

Silver 1.000 

Copper. ; 1.086 

Zinc 3.741 

Platinum 6.022 

Iron v . . 6.460 

Lead 13.050 

German silver 13.920 

The reciprocals of these relative resistances will give 
relative conductivities. 



Allen's Laboratory Exercises in Elementary Physics. 

By Charles R. Allen, Instructor in the New Bedford, Mass., High 
School. }*ti}ils % Edition: x + 209 pp. iamo. 80 cents. Teachers* 
Edition : $1.00. 

Most of these experiments are quantitative. They are 
planned for young beginners, do not employ elaborate and ex- 
pensive apparatus, require no more than forty-five minutes 
each in the laboratory, and are so framed that the pupil can 
prepare himself beforehand to make the most of his time there 
with the least help from his instructor. There are six exercises 
in Magnetism, eleven in Current Electricity, nine in Density 
and Specific Gravity, thirteen in Heat, twelve in Dynamics, 
four in Light, and two in Sound. Sufficient practice in methods 
of mensuration is also provided for. In the Teachers' Edition 
67 pages are devoted to lists of apparatus with specifications 
for construction, suggestions as to substitutes, and itemized 
estimates of cost, together with detailed hints to teachers and 
references to standard text-books. 



H. B. Davis, Cushing Academy \ 
Ashburnham, Mass.: — We are using 
this year Allen's Laboratory Man- 
ual. I find it to be a book of the 
highest excellence. Especially is 
it noteworthy for clearness and 
conciseness, two of the most desir- 
able qualities in a laboratory man- 
ual. With this book in his hand 
the pupil knows just what he is 
seeking after. He therefore knows 
just what to observe and what not 
to observe. It is a book without 
equal in my knowledge. 

Edward Ellery, Vermont Acad- 
emy \ Saxton*s River: — One of the 
most prominent features of the 
book, which recommended it to us 
particularly, is the plan of note- 
taking it suggests, a feature which I 
think is peculiar to this book. The 
experience of the term just closed 
has proved to our satisfaction that 
we were right in introducing it. 
We shall continue its use. 



Arthur O. Norton, Illinois State 
Normal University : — It is unques- 
tionably the best arrangement of 
quantitative work for beginners that 
I have yet seen. Am considering 
its adoption. [Adopted.] 

J. C. Packard, Brookline (Mass.) 
High School: — At last we have a 
series of exercises that are not sup- 
plemented with conclusions and a 
list of questions that do not "con- 
tain their own answers." I shall 
introduce the book. 

Geo. L. Chandler, Newton 
(Mass.) High School : — It seems to 
be an excellent book. I especially 
like the instructions for tabulating ; 
results. Whatever leads to system- 
atic arrangement is a great help. 

Chas. A. Mead, Dearborn- Morgan 
School, Orange , N. J.: — I am much 
pleased with it. The appendixes 
contain an amount of information 
that renders them invaluable to the 
teacher of physics. 



Hall and Bergen's Text Book of Physics. 

By Edwin H. Hall, Assistant Professor of Physics in Harvard College; 
and Joseph Y. Bergen, Jr., Junior Master in the English High School, 
Boston, xviii + 388 pp. i2mo. $1.25. (A>y, 50 cents.) 

This book contains the full text of the Harvard College 
pamphlet *of experiments, interspersed with a considerable 
number of minor experiments and a large amount of discus- 
sion and problem work. The discussions have been carefully 
planned to enable the student to derive the full benefit of his 
experimental work and to guide him in his thinking ; but not 
to relieve him of the necessity of thinking. Accordingly, 
wherever it has been found practicable, the conclusions to be 
drawn from an experiment have been withheld, and where 
they have to be made the basis of further work in the course, 
the statement of them has been deferred somewhat in order 
that the student may have opportunity to frame one for him- 
self. The problems, which are very numerous, require the 
pupil to apply the knowledge he has gained from the experi- 
ment -, and enable the teacher to ascertain how far the sub- 
ject-matter has been mastered. An appendix describes three 
Wheatstones bridge experiments for pupils. 

plan that I have seen. The great 
trouble of works of this kind is that 
they tell the pupil too much. This 
objection is largely removed in Hall 
& Bergen's book. 

J. H. Hutchinson, Madison 
(Wis.) High School: — Its introduc- 
tion into our High School has been 
followed by excellent results thus 
far. I have taught Physics for some 
years, but never with so much satis- 
faction as during the present year. 
We now have about 100 using the 
book, and most of them are very 
much interested. 

F. L. Sevenoak, Stevens School, 
Hobo ken t N.J. : — We adopted some 
time ago as our method of teaching 
physics the plan upon which Hall 
& Bergen's book is based. No 
other plan gives such satisfactory 
results. I am glad to find a work 
so exactly suited to our needs. 



G. W. Krall, Manual Training 
School, St. Louis ; — Is proving very 
satisfactory. It presents the true 
method of laboratory work in Phy- 
sics. I have eighty students at 
work, and all are enjoying the ex- 
periments and taking far more than 
usual interest. 

A. D. Gray, William Penn Char- 
ter School, Philadelphia ;— My Phy- 
sics class had already begun work 
when the book appeared, but the 
college preparatory division changed 
over to Hall & Bergen. I have 
been greatly pleased with the re- 
sults, and uniy regret that I have 
not time to oversee the laboratory 
work of my entire class, done on 
the same plan. 

Arthur O. Norton, Illinois State 
Normal University : — I find it more 
nearly adapted to our class work 
than any other work on the same 



F. W. Stevens, Professor in 
Lake Forest University, III.: — We 
have had a number of '•Experi- 
mental" manuals, but among the 
elementary ones I think Hall & 
Bergen's pre-eminent. I am in 
hearty sympathy with the labora- 
tory method of teaching physics. 
The physical laboratory, it seems 
to me, must eventually be as indis- 
pensable in the teaching of physics 
as the chemical laboratory has be- 
come in the teaching of chemistry ; 
it is only a matter of time. I have 
bad experience with large high- 
school classes, and I know the 
method to be practicable and to 
yield much better results than the 
text-book method with class-room 
demonstrations. 

John E. Davies, Professor in the 
University of Wisconsin : — The 
best laboratory text-book on the 
whole that I know of. 

The Nation:— The book itself is 
in all respects excellent, and must 
exert a marked influence on the 
teaching of physics in this country. 



D. W. Shea, Professor in Uni- 
versity of JL — I hope to see it intro- 
duced into the schools of Illinois. 

Benj. W. Snow, Professor in 
University of Wisconsin:— 1 am par- 
ticularly well pleased with the text- 
book by Hall & Bergen, and I know 
of no other which so completely 
covers the entire subject of physics 
in so limited a space. 

Hiram Loomis, Professor in 
Northwestern University \ 111,: — I 
used it in the Summer School for 
Teachers in the University of Wis- 
consin this past summer, and liked 
it. It demands a more thorough 
grasp of the subject than is pos- 
sessed by the average high school 
teacher, but under a thoroughly 
competent instructor it is a splendid 
book. 

A. P. Carman, Professor in Pur- 
due University -, Ind.: — One of the 
best High School manuals for ex- 
perimental and theoretical work 
combined that I have met with. 
The student who had completed 
that I should take to be admirably 
prepared for an advanced course. 

Hall's First Lessons in Experimental Physics. 

For young beginners, with quantitative work for pupils and lecture-table 
experiments for teachers. By Edwin H. Hall, Assistant Professor of 
Physics in Harvard College, viii -+- iao pp. 12 mo. 65 cents. 

The course described in this book is substantially that 
given in the grammar schools of Cambridge, Massachusetts, 
this course and the apparatus used in it having been, in great 
part, planned by Prof. Hall. The laboratory work for the 
pupil, largely quantitative in character, includes introductory 
experiments in mensuration ; demonstration of the principle of 
Archimedes ; determination of specific gravity of solids and 
liquids ; study of the straight lever, centre of gravity, parallel- 
ogram of forces, friction between solids, images formed by a 
plane and cylindrical mirrors ; measurement of index of re- 
fraction of water and of the focal length of a lens ; and study 
of conjugate foci of a lens and of the real image formed. 



Barker's Physics. Advanced Course. 

By George F. Barker, Professor in the University of Pennsylvania, 
x 4- 902 pp. 8vo. {American Science Series.) Revised. $3.50. 

A comprehensive text-book, for higher college classics, 
rigorous in method, and thoroughgoing in its treatment of the 
subject as distinctively the science of energy. After a general 
introductory chapter, the subject is developed under three 
heads, Mass-Physics, Molecular Physics y and Physics of the 
sEther. Under mass-physics, energy is first treated of as a 
mass-condition, and work as being done whenever energy is 
transferred or transformed. The properties of matter are next 
considered, and then sound, regarded as a mass-vibration. 
Under molecular physics, heat alone is treated and as a mani- 
festation of molecular kinetic energy. Under the head of 
aether-physics, which subject occupies three fifths of the vol- 
ume, are grouped: (i) aether-vibration or radiation, considered 
broadly without special reference to light, (2) aether-stress or 
electrostatics, (3) aether-vortices or magnetism, and (4) aether- 
flow or electrokinetics. 

" The best truly modern manual of physics in our language? 
says the London Chemical News. 



Chas. R. Cross, Professor in 
Massachusetts Institute of Tech- 
nology : — There is no other text- 
book that seems to me so well 
adapted for high-grade teaching in 
general physics, and I shall make 
use of it . ( From a letter to the author. ) 

Francis H. Smith, Professor in 
University of Virginia : — The work 
is up to date as regards facts. It 
bears the marks of the teacher every- 
where, and is obviously meant for 
use in the lecture-room. It shows 
excellent judgment as to what it 
leaves out. It is judicious in its 
scientific perspective. It dignifies 
the science by making principles of 
more ^ importance than any special 
experiments, while it by no means 
neglects the latter. 



Lucien I. Blake, Professor in 
University of Kansas : — I consider 
it unqualifiedly the best book for 
college work on modern physics 
which has yet appeared. The break- 
ing away from the stereotyped 
methods, the absence of old famil- 
iar cuts and descriptions of obso- 
lete apparatus, is refreshing ; and 
Professor Barker's attempt to bring 
to the student a serious work based 
upon the best recognized modern 
research is singularly successful. 

The Nation:— The work de- 
serves hearty praise for its fulness, 
its thoroughly modern spirit, its 
clearness, and a certain freshness 
in the treatment which adds to its 
real value as well as to its attract- 
iveness. 



Perkins's Outlines of Electricity and Magnetism. 

By Charles A. Perkins, Professor in the University of Tennessee. 

A complete text-book in which the essentials of the science 
are carefully presented and explained. The requirements of 
the ordinary college course have been kept in view, both in the 
order of developing the subject and in the style of presenta- 
tion. While facts are treated as more fundamental than 
theories, and receive corresponding emphasis, the ripest re- 
sults of modern thought are utilized in the explanations of the 
facts. Each instructor will probably find many things omitted 
which he would have included, but it is hoped, on the other 
hand, that very little is included which any instructor would 
omit. The original papers of investigators, or, where they are 
in a foreign language, English authorities who describe and 
discuss them, are constantly referred to. An appendix con- 
tains brief directions for laboratory experiments illustrating 
the main principles of the science. As a whole the book will 
be found to be clear, logical, accurate, and, as far as may be, 
up-to-date. 
Pierce's Problems in Elementary Physics. 

Chiefly numerical. By E. Dana Pierce, Teacher of Physics in the 
Hotchkiss School. 

About 1200 problems carefully graded by subject and suited 
to pupils in secondary schools. The recommendations of the 
" Committee of Ten " have been taken as a basis, though a 
few additions have been made where it has seemed that many 
schools could well do more than the committee suggested. 
The problems are intended to serve two general purposes: i, 
to strengthen the beginner's grasp of the ideas and principles 
of the science ; and 2, to furnish the teacher a convenient 
means of testing the pupil's attainments. After a few intro- 
ductory sections treating of the metrical system, ratio, pro- 
portion, variation, and mensuration as used in elementary 
physics, 41 problems are devoted to elasticity, 200 to fluids, 
118 to solids (forces, etc.), 160 to motion, no to heat, 64 to 
sound, 150 to light, 200 to magnetism, and 200 to electricity. 
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Woodhull's First Course in Science. 

By John F. Woodhull, Professor in the Teachers' College, New York 
City. In two companion volumes. 

I. Book of Experiments. xiv+; pp. 8vo. Paper. 50 cents. 

II. Text-Book, xvi-1-33 pp. 121110. Cloth. 65 cents. 

One solution of the problem of very elementary science 
teaching — a solution that proceeds on the intensive rather than 
the extensive basis. These lessons make ample provision for 
a year's work, one period a week ; they are entirely within the 
powers of average pupils ten or twelve years of age. All 
experiments can be performed on the pupil's own desk, with- 
out darkening the room. The necessary apparatus costs but 
$2.00 for each pupil, and most of it is in the nature of a per- 
manent equipment. 

Light has been chosen as the subject of these lessons because 
it exhibits a large number of phenomena at once capable of 
easy experimental development, and having numerous useful 
daily applications. The study is restricted to one branch of 
physics, partly to inculcate that thoroughness which is essential 
to true science, and partly for the sake of untrained teach- 
ers, who might be embarrassed by a wider range. Most of the 
work is quantitative in character, and in all of it each pupil 
must proceed independently and can be held strictly to account. 
Each experiment illustrates one truth, and is made the basis 
of exercises which correlate the teachings of the experiment 
with the pupil's daily experience and supply problems which 
connect his science most intimately and helpfully with his 
mathematics. The exercises are so arranged that the teacher 
can make the necessary adjustments to the varying degrees of 
aptitude in his pupils. 

The material of each lesson is separated along its natural 
cleavage into that which gives directions and asks questions, 
and that which formulates results and contributes additional 
information. These divisions are put into the two mutually 
supplementary volumes. The Book of Experiments is also 
a note-book. 

The course is in use in the public schools of Springfield, 
Mass.; Montclair, N. J., etc.; and also in the Workingman's 
School (Felix Adler's), New York City; Michigan State Normal 
School ; Newark Academy, etc. 
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